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Abstract 
The aim of this research is to develop a technique to examine in detail the 
curing process involved in the production of fibre reinforced polymeric 
composites, and define the structure of the network forming a completely cured 
composite, which to date remains unclear in spite of considerable research effort 
in the area using a variety of methods. The result is an on-line monitoring method 
of the reaction progress between epoxy resins and amines curing agents. A major 
part of the project is related to a spectroscopic study of the changes occurring, at 
the molecular level within a composite matrix during its curing phase. The work 
identifies the characteristic band assignments, monitors their changes during the 
chemical reactions, and evaluates the rate of consumption of the epoxy resin and 
the rate of appearance of new cross-linking molecules. 
These molecular chain changes are monitored using an optical fibre sensor 
made of chalcogenide optical cables embedded into the resin matrix and linked to 
an FT-IR spectrometer, fitted with a powerful MCT detector. 
A mathematical model describing the reaction mechanism based on the 
chemical kinetics of the reaction has been developed. The resulting data from this 
work are compared to data recorded by differential scanning calorimetry as a 
validation method for the infrared spectroscopy technique. To carry out a very 
accurate investigation of variations occurring to the mixture of an epoxy resin 
with an amine hardener, mechanical tests were carried out. The data were found to 
correlate with the FT-IR data. 
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Chapter One 
Introduction 
1.1 Epoxy Resin as Matrix for Composites 
Epoxy resins have been widely used for adhesives, protective coatings and 
matrices of many materials used in advanced technologies. 
Fibre reinforced composites are made from high strength and high 
modulus fibreglass, graphite, and Kevlar fibres, which are embedded in a matrix. 
There are distinct interfaces between them, such that both the fibres and the 
matrix retain their physical and chemical characters. These produce a combination 
of properties that cannot be achieved with any one of them separately. Epoxy 
resin is the usual matrix keeping the reinforcing fibres in the desired placement 
and orientation. This acts as a load transfer between them and protects them from 
environmental damage, from elevated temperature and humidity. Even though 
fibres provide reinforcement for the matrix, the matrix also provides a number of 
useful functions. 
Fibre orientation in layers, while stacking them in structural applications 
called laminates as a sequence of various layers, can be controlled to generate a 
wide range of physical and mechanical properties for the composite laminate. 
Their low specific gravities, strength-weight ratios and modulus-weight ratio are 
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markedly superior to those of most metallic materials. In addition fatigue 
strength-weight ratios as well as fatigue damage tolerances of many composite 
laminate are excellent. For those reasons, fibre-reinforced composites have 
emerged as a major class of structural materials and are either used or being 
considered as a substitution for metallic materials in many weight-critical 
components in aerospace, automotive, and other industries. 
The anisotropic nature of fibre-reinforced composites where the properties 
depend on the direction of measurement, tensile strength and modulus are 
maximum when measured in the longitudinal direction, resulting in a unique 
opportunity of tailoring its properties to the design requirement. The coefficients 
of thermal expansion (CTE) for some fibres are much lower than those for metals, 
which results in much more stable dimensions over a wide temperature range. 
Another unique characterization of many fibre-reinforced composites is their high 
internal damping, this leads to a better vibrational energy absorption within the 
material and results in reduced transmission of noise and vibrations to 
neighbouring structures. 
1.1.1 Aircraft and Military Applications 
Weight reduction is critical for high speed and increased payloads. Kevlar 
49 fibres have become the primary materials in wings, tails and fuselages. The 
confidence built up after over ten years of use of this material is reflected in the 
substantial amount of graphite and Kevlar 49 fibre-reinforced composites in the 
secondary structure of many commercial aircraft. As an example in the business 
aircraft Lear Fan 2100, the structural weight accounts for 70% of carbon fibre 
and Kevlar 49 fibre-epoxies. It is also used in rotor blades of many helicopters. 
Here, not only the weight reduction, but also the ability to tailor the dynamic 
frequencies of the rotor, gives the material a unique advantage. These composites 
are also used in missiles because of their weight reduction advantages. 
2 
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1.1.2 Space Applications 
Introduction 
The weight reduction is also a prime reason in using the fibre-reinforced 
composites in many space vehicles. For example in the space shuttle, the total 
weight saving with this material was 2688 lbs per vehicle, which produced huge 
savings in cost. Their dimensional stability over a wide range was a major factor 
in selecting fibre reinforced composites for spacecraft. Another application was 
found in the support structures for mirrors and lenses in the Hubble Space 
Telescope. Here the temperatures vary from -1000 C to 1000 C, so it is important 
that the support structure be dimensionally stable, otherwise a large change in the 
relative positioning of mirrors or lenses due to either thermal expansion or 
distortion would cause problems in focusing the telescope. Carbon fibre- 
reinforced epoxy tubes are used in building truss structures for low earth orbit 
satellites and interplanetary satellites. 
1.1.3 Automotive Applications 
Body components, exterior body components, door panels, which require 
high stiffness and damage tolerance are still in the early stage of development. 
These are offered by fibre-reinforced materials at low cost compared to metallic 
materials along with weight reduction advantage, and class A surface finish for 
appearance. This combination of properties is difficult to obtain from 
conventional materials. 
1.1.4 Marine Applications 
Glass fibre-reinforced composite and laminated Kevlar 49 are replacing 
metals in boat hulls, decks, bulkheads, frames, mats, and spares. The principle 
advantage is again weight reduction, which results in high cruising speed, 
acceleration and fuel efficiency. 
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1.2 Need for monitoring the curing of epoxy 
resins 
As shown, there is a wide use of composite materials over many industrial 
sectors, but there is a lack of scientific based procedures for the monitoring of the 
curing process for the resin composite. This is needed to optimize the process and 
minimize the time, energy, material losses and produce components, which have 
consistent quality and thus consistent physical and mechanical properties. Fibre 
reinforced composites are replacing metallic materials in many industrial sectors. 
Their main drawback is the consistency in the properties of cured materials. This 
problem could be overcome by more careful monitoring of the curing of the 
polymeric resins in the manufacturing process. 
" All types of resins and fibres used in the composites industry 
undergo chemical transformation during the manufacturing process, 
which requires that the pressure and temperature must be followed 
accurately. 
0 The curing process of a polymer often entails conversion of liquid 
monomers, or prepolymers, which can contain reactive functional 
groups of atoms, into three-dimensional polymer networks. The 
mechanism and kinetics of the curing process determines the polymer 
network morphology, which in turn dictates the physical and 
mechanical properties of the cured product. For these reasons, a 
fundamental understanding of the curing process is a major 
requirement to optimize the processing of the fibre reinforced epoxy 
composites. 
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1.3 Need to Embed Optical Fibre Sensor into 
Composite Materials 
As highlighted earlier there is a great need for monitoring the overall 
behaviour of composite materials during their processing stage and operational 
lifetime. The processing is generally carried out in autoclave conditions, and 
operating as a part of body forming most of the transport vehicles, it should be 
kept in mind that they posses the required strength while they are extremely light 
compared to metals. 
" The conventional techniques to identify the modifications during 
the resin/ hardener curing process are not adequate to operate inside an 
autoclave system. 
" Industry is progressing in reducing the weight of the transport 
vehicles, it is unacceptable to carry laboratory equipment on board of a 
vehicle. 
0 The existing sensors for the embedding in transport vehicles face a 
major safety regulation problem, they do use electric power during 
their analysis function, hence using an electric conductor to carry these 
electric signals to the desired monitoring points. Aircraft industry 
forbids using electric sensors as a non-destructive testing method. The 
electric conductors do some times fail (e. g. the fuel reservoir of an 
airplane is mounted in its wings, where a sensory systems are most 
required). 
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" Optical and spectral analytical methods are non-conventional 
techniques to study the reaction occurring in epoxy resin curing or 
modification due to operating conditions. The use of such a technique 
combined with a sensor requires the use of an optical fibre cable. 
1.4 Scope of the Thesis 
Various techniques have been used to investigate the curing of epoxy 
resins and embedding sensors in composite materials by different researchers1-13. 
However, despite the efforts concentrated in this subject no definite understanding 
regarding the progress of the chemical reactions involving epoxy resins and 
curing agents has been reached, and no embedding sensor design responding to 
the requirement of some sectors of industry has been achieved. 
Mid-Infrared spectroscopy is a technique that allows study of the curing of 
an epoxy hardener mixture. It has been noticed that intensity of many frequencies 
from a transmitted infrared beam through a sample do change in a significant 
fashion. This has been correlated to a number of reacting groups in the mixture. 
From the plotting of the ratios representing the changes versus time of the epoxy, 
amine and hydroxyl concentrations over the reference peak. It is clear that this 
technique provides a direct measurement of the change in concentration over time 
of any chemical involved in the reaction. The values of the constants of reactions 
kl and k2 have been calculated as well. 
Kinetics of chemical reactions has been found suitable for analysing the 
data collected5, and results in a correct choice of the reaction rate equation for the 
studied reaction. 
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1.5 Aim and Objectives 
1.5.1 Aim 
The aim of this research work, is to develop a new sensor system capable 
of monitoring the changes in the molecular structure of an epoxy resin / hardener 
during the curing process when used as the matrix in fibre reinforced composites. 
The resin bonds the fibres together to form a solid structure. A sensor system 
embedded in composite materials to monitor their behaviour during the cure is 
proposed. This work is based on a combination of different technologies, which 
consists of using an optical fibre for the transport of the electromagnetic signal to 
the polymeric materials, mid-infrared spectroscopy to analyse the effect of the 
medium on the transmitted light beam, and kinetics of chemical reactions to 
determine the desired material properties from the spectroscopic data. 
1.5.2 Objectives 
9 Conduct a literature survey to examine the embedding of optical 
fibre sensors into composite materials. 
" To review the laws governing the transport of electromagnetic 
waves in an optical wave-guide, and choose the type of mode guidance 
to work with. 
" To determine the most suitable optical wave-guide material, which 
permits transmission of the Infrared electromagnetic waves. 
0 Design an assembly system to achieve the required alignment of 
the fibres and adjust the gap between the optical fibre ends, which will 
allow the maximum transfer of the signal from one fibre to the other. 
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" To demonstrate the ability of the Fourier Transform Infra-Red 
(FTIR) spectroscopy technique to measure the changes in the 
concentrations of the reactants and product, over the reaction's 
progress. 
" Develop a method to extract the rate equations from the changes in 
the concentrations data. 
" Study the reactions of epoxy resins to define the order of reactions 
and to define the rate equations for all reactants and products. 
" To develop a model, which will simulate the reaction and predict 
the change in the concentrations over the cure process, using an initial 
estimate based on the findings in the literature of the unknown 
constants of reactions. 
" To develop a method to refine the accuracy of the values of the 
first estimated constants of reactions. This will use the experimental 
results from the FTIR technique, which are the changes in 
concentrations. It will provide correlation between the values from 
experimental and simulated results and correct the values of the 
constants of reaction. This will lead to the knowledge of the rate 
equations 
" To utilise an existing conventional technique to validate the 
usability of FTIR based sensor for the determination of the rate 
equation. It has first to demonstrate that the results found by FTIR 
spectroscopy are similar to those found by DSC. The fractional 
conversion found by the two methods for the same reaction must be 
close to each other, in order to conclude that the FTIR technique is 
capable of replacing the DSC method in the determination of the rate 
equation. 
8 
Chapter one Introduction 
" Conduct mechanical tests to examine the bulk properties of the 
resins, composites. 
1.6 Outline of the Thesis 
The thesis is divided into nine chapters. Chapter two is a review of the 
results obtained by different authors to reach the same goal using different 
techniques. The reactions of epoxy resins with several cure agents were 
investigated. These are detailed together with the corresponding chemical 
formulae in some, and mechanical parameters in others. An insight into different 
reaction kinetics equations has been given in some studies, which included the 
calculation of the reaction constant rate, k. A number of authors defined other 
parameters for the chemical reactions in polymers, such as glass transition 
temperature of reactions. From spectroscopic methods, which covered both ultra 
violet and visible peaks, near or far infrared electromagnetic bands, a set of 
frequencies was assigned to the existence of chemical groups involved in the 
studied mixture. In chapter three the design, construction and use of an optical 
fibre sensor is described together with the accessories needed to achieve the 
embedding in the curing sample. Chapter four and five describe the experiments 
carried out to define the most important peaks for monitoring the curing of epoxy 
resins with amine curing agents, and the processing of data respectively. While 
chapter six is the validation of the results from this work, based on the Differential 
Scanning Calorimetry (DSC) method, which is carried out on the same reaction to 
reproduce the results concluded in chapter seven from the on-line monitoring via 
an optical wave guide using Mid-Infrared spectroscopy. Chapter eight examines 
mechanical testing on the products from the chosen chemical reaction. The 
conclusion in chapter nine is a summary of the above work, through which a 
comparison of the data from DSC method to the data from the FT-IR technique is 
made. The mechanical properties achieved after a particular curing schedule are 
measured. A proposal for further work in this area is also set out. 
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Chapter Two 
Review of Current Technology to 
Investigate the Cure of Epoxy Resins 
Non-destructive methods have been shown to give an insight into the 
factors affecting the production of composite materials. A significant number of 
researchers have worked on how to apply various existing experimental 
techniques to observe the behaviour of composite materials during their 
processing stages. 
In January 1997 a research programme entitled Intelligent Processing for 
Smart Composites project was launched under the EC's INCO-COPERNICUS 
programme. The research team was from De Montfort University, UK, Kaunas 
University of Technology, Lithuania. Technical University Berlin, Germany. The 
Polytechnic University of Bucharest, Romania. Bauman Moscow State Technical 
University, Russia. A number of techniques were initially investigated and some 
of these were selected as the most promising to be used for the construction of 
sensors, which may eventually be accepted by industry such as aerospace for 
embedding in composite materials. Some of these techniques are listed and 
detailed in this chapter. 
This chapter reviews the techniques most used in the monitoring of the 
composite materials during processing. They are classified in two categories. The 
first looks at the macromolecular activity of the material, which is characteristic to 
its physical state such as, Dielectric, Magnetic, or even flow and deformations etc. 
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The second category is related to the molecular activity and this is based on the 
atomic interactions within the molecular chain. 
In the processing phases of composites, the parameters describing the first 
category are measured via many techniques, and some of these are reported in the 
first half of this chapter. The parameters describing the second category of study 
are measured using a number of techniques will be reviewed in the second half of 
this chapter, 
2.1 Non-Destructive Testing (NDT) Techniques 
2.1.1 Measurement of Magnetic and Dielectric Properties14 
One of the first techniques used in on-line cure monitoring of resins used 
in composite materials was a capacitor sensor probe based on dielectric 
permitivity measurements of the organic matrix of a composite. However, their 
sensitivity was low. Another technique was a piezoelectric based sensor, in which 
the ultrasonic velocity was directly related to the elastic constants of the 
propagating medium (such as a thermoset resin), whereas the main factors 
governing its attenuation, result from the material's microstructure. Microwave 
measurements are used in the electronics, chemical, medical and food industries 
for many applications. The major advantage of microwave sensors is that they are 
non-contact and provide nondestructive measurement method using penetrating 
waves. In many processes reflexion alone contains enough information to detect 
moisture content or delaminations. Dielectric properties depend on frequency, 
homogeneity, anisotropy, temperature, and surface roughness. Orientation of the 
magnetic field is needed for measurement of anisotropic materials. Measurement 
fixtures, where the electromagnetic fields are tangential to the air-material 
interfaces, such as cavities, generally yield more accurate results than fixtures 
where the fields are normal to the interface. The characterization of anisotropic 
materials generally requires two techniques, one for normal permitivity and one 
for in plane permittivity. 
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2.1.1.1 Methods 
NDT technology involves a number of methods14 and this depends on, 
-The type of material to be measured and its physical phase. 
-On/Off line requirements of measurements. 
-Frequency accuracy. 
-Loss tangent of the material. 
-Contact or non-contact measurement. 
-Destructive or nondestructive measurement. 
-Geometry of the material to be investigated. 
These methods may be a measurement of permittivity and permeability of 
a free-space between an emitter and receiver where objects are introduced. 
Objects can be placed in non-contact with the instrument, but allow measurement 
of their properties. In such cases the transmission and reflexion coefficients are 
used to obtain material properties. 
2.1.1.2 Fabry-Perot Cavity Technique14 
It is one of the most accurate dielectric property measurement techniques. 
Its resonators of high Q-factor are useful for the measurement of thin, low-loss 
materials. The cavity used is semi-cofocal. A flat mirror is placed at half the 
radius of the spherical mirror and the dielectric sample is placed on the surface of 
the flat metallic mirror. Separate spherical mirrors and wave guide assemblies 
provide operation at different resonating bands. Radio Frequency energy is 
coupled in and out of the resonator by small circular irises placed symmetrically 
about the centre of the spherical mirror. The concave feature of the mirror 
minimizes radiation leakage from the open sides of the resonator and focuses the 
beam onto a smaller area of the sample under test. 
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2.1.1.3 Transmission Line Measurement Techniques' 4 
These are simple and fairly accurate. They consist of two categories, 
where the cross section of the sample and the holder is constant and where it holds 
discontinuities. In the first case the electromagnetic modes decouple and a 
dominant-mode analysis is sufficient for these types of problem. The second 
category requires a full modal solution. 
Other methods include the open-ended coaxial probe technique full-body 
resonance technique and transmission-line techniques. 
2.1.1.4 Magnetorestrictive Cure Monitoring 
Recent work undertaken by A. Dominauskas15, shows that the resonant 
parameters of a magnetorestrictive cure monitoring (MCM) sensors are dependant 
on the viscous and elastic properties of the medium surrounding the sensor. This 
is an ultrasonic sensor is based on the mechanical impedance measurement of a 
material, in which the rheological parameters, of the studied material, change the 
resonant parameters of the resonator. 
The innovative miniature magnetostrictive sensor developed by 
Dominauskas is based on the change of the parameters (Resonant frequency, 
damping, the distribution of the nodes and amplitudes) of the active element (in a 
form of thin wire made from material, characterized by magnetostrictive 
properties, Nickel and Terfenol-D are good examples of these materials). When 
the sensor is implanted in the media, it can accommodate changes in temperature, 
viscosity, pressure, and still function satisfactorily (components from composites 
are produced using high pressure and temperature up to +150°C). For such a 
sensor it is important to have the dimensions of the sensor reduced to a minimum 
to avoid effecting the fracture toughness, transverse tensile/compression and 
fatigue of the component. 
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The schematic of the miniature magnetorestrictive sensor is given in 
Figure 2-1. An active nickel element of thin wire is used; which is mounted in a 
small diameter tube to protect it from the curing epoxy compound. Thus the active 
elements make contact with curing epoxy at one point only, the end of the wire. 
Winding is used to generate longitudinal resonant oscillations of the active 
element. Curing of the epoxy compound leads to a change of boundary conditions 
of the oscillating active element, from free to fixed free bar and to a 
corresponding change of the mode, shape and natural frequencies. The experiment 
has shown that the second mode forms of longitudinal oscillations are effective to 
determine the state of the cure. 
Dominauskas's16 paper referred also to an interpretation of the curing 
process of thermoset resin by Collyer17, which shows that the material exhibits 
three distinct phases, liquid, gel and solid. It referred to the point where an infinite 
continuous matrix was formed at the gelation stage, which is a characteristic 
property of the system. Before approaching this state the liquid transforms to an 
intermediate state of polymer dissolved in monomer, to a gelling matrix 
plasticised by monomer and then to a vitrified glassy state 
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2.1.2 Time Resolved Infrared Radiometry' 8 
This method uses a Full-field Infrared Imaging Device, when an internal 
heating source or an outside side deliberately imposed source result in a thermal 
distribution on the surface of studied object. The non-uniformity of the thermal 
distribution on the outside surface of the object, due to the differences in geometry 
of the material structure or thermal transfer coefficients, as well as uneven 
distribution of the surface emissivity coefficient, appears as difference in heat 
distribution on the produced images. Thermal infrared (TRIR) images consist of a 
distribution of energy radiations on the surface, which necessitates data 
processing to precisely identify a point-to-point temperature distribution across 
the object. The work carried out by G. Amza19 showed the feasibility of this 
technique for monitoring the processing of composite material. Two types of 
TRIR experiments were carried out, a heating step and a cooling step with small 
temperature differences. Thermal distribution images were manually and 
automatically recorded at 2.5 second periods. Good spatial and thermal resolution 
of the device and adequate infrared (IR) image processing software permitted the 
achievement of significant results, typically these were: 
- Defects at 0.5 mm subsurface depth could be detected at almost 100% 
detection rate. 
- Defects at 1 mm subsurface depth could be detected at almost 80% detection 
rate 
- Defects at 1.5 mm subsurface depth were very difficult to detect with a 
detection rate approaching 0%. 
From this work it was concluded that a large object could easily be spotted 
from a distance within a single view angle. The large object could be inspected in 
zones using portable low power heating devices, with no risk of inducing thermal 
stress. Results of a quantitative nature can be obtained but they are dependent on 
the applied temperature step heating. The use of a long low heating pulse is 
advantageous in comparison to flash heating, to avoid damaging the object. 
It was 
found as well that measurements during cooling were as good as heating. 
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2.1.3 Optical Fibre Network Sensory System20 
2.1.3.1 Optical Fibre Modulation Techniques for Single 
Mode Fibre Sensors 
In phase modulation of an optical wave guided by a fibre, all parameters 
such as the length of the fibre, the refractive index, and the internal stress are 
likely to cause change in the phase of the guided beam. That is the principle used 
in all interferometeric sensors where the measurand (e. g. pressure, strain, 
temperature, magnetic field) alters the propagation constant. The modulator 
application phase changes are achieved by using thermal or strain techniques. An 
important phase change can be achieved using thermal modulation. If we consider 
ý, describing the phase change of an optical beam propagating through a fibre of 
length La relation can be concluded, 
H-ß*L (2-1) 
Where ß is the propagation constant given by 
18 
2ýz 
n (2-2) A 
ý, is the free space wavelength of the source and n is the effective refractive index 
of the fibre core, thus a small change in 4 is described by 
A =, ß*AL +L*Aß (2-3) 
Where 8* AL is the phase change corresponding to a variation in the length of 
the fibre resulting from an axial strain, and ß* AL corresponds to a change in 
phase produced by a stress-induced change in the fibre propagation constant. This 
is described by 
L*0/3=Ld&On+L 
dß 
An (2-4) 
do d (2r) 
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Where r is the effective radius of the fibre. The first term represents a change in 
the propagation constant due to a change in the refractive index and the second 
term represents a change due to a change in the fibre diameter. The second term in 
the equation (4) is negligible compared to the first, and hence 
0W _, 3*AL+Ld"An (2-5) do 
Combining equation (2) and (5) leads to 
Al = 
2; r [n*OL+L*An] (2-6) A 
For thermal modulation 
AD 
_Iz 
n*dL+do (2-7) 
L*AT L dT dT 
An example of this study is a single mode silica fibre guiding light from a laser 
module operating at 1550 nm, n=1.456, dn/dT-10-5 °C-1, where, 
I dL 
=5* 10-' C-1 such that 
A(D 
_ 40rad * m-' * C-' L dT LOT 
This is equivalent to saying that 1 in of fibre at 1 °C change in temperature 
sweeps through approximately 7 fringes. 
2.1.3.2 The Network Realization 
Interferometers21 
Using Fabry-Perot 
The construction of a distributed measuring system based on Mach- 
Zehender, Michelson or Fabry-Perot interferometer is possible. The application of 
themography data acquisition principles, as well as the processing of measured 
information is used to control the technological parameters of a composite during 
the manufacturing process. The possibility of field reconstruction by two 
projections was proved. The block diagram of the distributed measuring system 
based on a Fabry-Perot interferometer is shown in Figure 2-2. The basic elements 
of this circuit are, 
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- Laser module 
- Splitter of laser radiation 
- Optical wave guide couplers 
- Optical radiation receivers 
- Single mode optical fibre 
- Control and signal processing system 
2.1.3.3 
inOFS 
Separation of Temperature and Strain Information 
The major goal in the designed system was data separation for temperature 
and strains. It was reasonable to use two types of interferometer, one highly 
sensitive to temperature and another particularly sensitive to strain; such a 
18 
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selection is achieved by differently doping the fibres with special coatings. To 
enhance the sensitivity of the sensor to mechanical strain, it was coated with 
plastic. One of the strain sensitivity relationship curves for a synthetic coated fibre 
with different thicknesses of coatings involves using, quartz fibre of 4.5 microns 
core diameter, 30 microns diameter of synthetic coating, 85 microns of diameter 
of quartz glass, 200 micron diameter of organic silicon and plastic coatings of 
7600 microns diameter. It was shown that increasing in the plastic coating 
thickness increases the sensitivity of the sensor to the pressure. To reduce the 
sensitivity of a fibre to strains to approximately zero, an organic silicon coating 
was replaced by a nickel coating. 
To increase the sensitivity to temperature, a different coating of aluminum 
was utilised. To lower the sensitivity to pressure, two layer coatings were used. A 
two layer nickel-plastic coating made the fibre practically insensitive to pressure. 
To lower the sensitivity to temperature changes a Kevlar coating was utilized. 
Further a double web of fibre interferometers was used to compose a bi- 
sensitive interferometer. The process of measuring the projections of the pressure 
field and the temperature field in each measuring web was similar to the process 
described above. 
2.2 Conventional Techniques Used in 
Monitoring the Curing of Composites 
Various methods are reviewed. Reference to them is given in the title for 
each technology. 
2.2.1 High Performance Liquid Chromatography 
Two experiments on curing epoxy resins gave a brief insight onto results 
achieved using this technique 
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2.2.1.1 Technique 122 
This technique showed that three types of hydrogen bond complexes, 
which participate in the reaction, were determined using HPLC methods. These 
were (1) epoxy-amine, (2) epoxy-hydroxyl, and (3) amine hydroxyl. Once 
formed: (hydrogen bond complex) + (amine) - (transition complex)-> Secondary 
amine (SA) or Tertiary amine (TA). There are three possible mechanisms for the 
reaction. 
The amino group may start reacting as an electrophilic group to form an 
epoxy amine complex, and then nucleophilic groups to react with the first formed 
group, to yield secondary or tertiary amines. It was deduced that this chemical 
reaction is significant only in its earliest stage, where the concentration of 
hydroxyl groups remains low. The kinetics of reaction can be described in terms 
of the consumption of primary amine and the rate of production of tertiary amine. 
Analysis of Results 
The reaction rate can be written as, 
d(TA)b/dt(SA)(E)=kb2 +kb2'(OH) (2-8) 
To calculate the rate constants associated with various reaction modes in the 
overall kinetic scheme, kla and k2a were taken to be negligible. The statistical error 
in calculating the klb and k2b was deemed too high, hence their values were 
considered to be unreliable. Another factor is the reactivity ratio k21'/kli', an 
important kinetic parameter which influences the morphology and properties of 
networks. It is the effect of consumption of primary amine hydrogen atoms on the 
reactivity of the secondary amine hydrogen atom on the same amino group. This 
is also known as the substitution effect (Su-Ef). A negative Su-Ef means a 
decrease in the reactivity of SA hydrogen atoms. If Su-Ef is absent, then this 
signifies equal reactivity of PA and SA hydrogen atoms. The formation of a 
randomly cross-linked network is favoured. However, when the primary amine 
hydrogens are much more reactive than their secondary amine counterparts, linear 
chains will be predominant in the cross-linking, with different morphology, and 
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hence different properties. The value of the reactivity ratio, and the presence or 
absence of the substitution effect, constitutes a major unresolved issue in studies 
of epoxy/amine reaction kinetics. 
2.2.1.2 Technique 2 
Size exclusion chromatography (S. E. C) using UV detection 
Phenyl glycidyl ether (PGE)-Piperidine in a 1: 1 molar ratio (stoichiometric 
amounts) was studied by S. E. C. The reaction product was a tertiary amino 
alcohol, TAA=1-(N-piperidine)-3-phenoxy-2-propanol. An important finding was 
the constancy of the total area per unit mass under the S. E. C chromatogram, for 
different conversion levels, x=ATAA/(ATAA+APGE), where ATAA and APGE were the 
areas under the chromatogram corresponding to peaks of tertiary amine and the 
PGE resin respectively. 
Galego23 observed that autocataltytic behaviour was consistent with 
kinetic studies reported for the epoxy-amine addition reactions. The rate equation 
could be written as, 
dx/dt = (k'eo +k eo2x)(1-x)2 (2-9) 
Where x is the rate of conversion, t is the time, k is the catalytic rate constant 
(catalysis by OH groups), k' is the non-catalytic rate constant and e0 is the initial 
molar concentration of the epoxy groups. Integrating this equation with respect to 
time and conversion rate, where K and 9 are defined, to be K=keo2 and a=k'/keo, 
1/(1+&)[x/(1-x)+1/(1+, 9)ln((x+&)/&(1-x))}=F(x, 9)=Kt (2-10) 
The non-catalytic mechanism was of significance at the beginning of the 
reaction. An increase in 94 value with temperature was inferred from a plot of 
F(x, a) versus time. PGE-Pipridine system with excess of PGE 
The aim was to follow the first reaction product formed in the course of 
the homopolymerization reaction. It was found that the epoxy-amine addition was 
the only reaction occurring up to when the piperidine was exhausted. The action 
of piperidine TAA as an initiator of the PGE homopolymerization was very 
low at 
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50°C after 7 hours. To start the homopolymerization, a mixture of 6: 1 PGE to 
TAA was heated at 1200 for 4 hours. Both the PGE and TAA reacted further and 
two reaction products in the region of lower elution volumes (higher molar 
masses) appeared. Although the proposed structure of the reaction products, 
generated during the first stage of homopolymerization, was considered to be 
through epoxide ring opening by a secondary OH group, a complex anionic 
mechanism was probably present as reported by Rozenberg24. 
2.2.2 Near Infra-Red Spectroscopy 
2.2.2.1 Experiment 125 
Molecules generally absorb less in the near IR region than they do in the 
Mid-IR. Near infrared absorption arises not from fundamental vibrations, but from 
overtones and combination bands. In this region only bands of hydrogen- 
containing groups (C-H, O-H and N-H) exhibit appreciable absorption. In the 
study of the cure and post-cure of Diglucidyl ether of bisphenol-A (DGEBA) with 
ethylenediamine, was carried out by following the appearance of hydroxyl during 
the cure. Three major reactions characterised this curing process: PA+epoxy, 
SA+epoxy, and etherification. Three absorption bands were used for the 
quantitative determination of epoxy groups. 
The first was located near 4530 cm-1, and was probably a combination of 
the C-H stretching fundamental at 3050 cm-1 and the CH2 deformation 
fundamental at 1460 cm-1. The second was near 6050 cm-1, probably representing 
the CH overtone in the epoxy ring. The third near 8630 cm-1, and was probably 
was the second overtone of a carbon-hydrogen stretching vibration of an oxirane 
ring. The concentration of the PA group was monitored during the cure from the 
band at 5000-5050 cm-1 (combination band) and near 6500 cm-' (first overtone of 
NH stretching). The secondary amine exhibited an overtone band near 6600- 
6650cm 1. The determination of SA in the presence of PA was difficult, due to the 
overlap band of the PA group. No absorption band, indicative of tertiary amines, 
was found in the Near-IR region. The concentration of the tertiary amine group 
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could be estimated, from the balance of produced and consumed secondary amine 
groups. The ether linkage did not absorb in the Near Infrared (NIR) region. 
Hydroxyl group bands were found near 4900 cm I (combination band) and near 
6980 cm -1 (first overtone), but the occurrence of hydrogen bonding complicated 
the analysis. The detection of the epoxy group was hindered by the absorption of 
other functional groups, such as the primary amine groups of 4,4'- 
diaminodiphenylsulfone DDS in 4535 cm larea. 
The role played by hydrogen was important in determining the chemical, 
physical and mechanical properties of polymers containing hydroxyl, urethane or 
amide functional groups. 
When placed in epoxy resin the hydrogen bonding in DDS causes it to will 
rearrange itself with the oxygen of the epoxy groups, but the overall degree of the 
hydrogen bonding was not expected to change. More changes were observed in 
the FT Raman spectra of DDM, placed in epoxy. At the beginning of the 
experiment two sharp peaks were observed at 5045 cm land 5005 cm-1 and these 
corresponded to the DDM in solid state. After the epoxy and the DDM particles 
interacted these peaks broadened. Finally after one hour only one peak was visible 
at 5040 cm -1 by the reflection technique, whereas the transmission spectrum 
indicated the presence of solid DDM and liquid DDM. 
2.2.2.2 Experiment 226 
The Near-IR spectra of Phenyl glycidyl ether (PGE) and aniline was 
divided into three zones 
Zone A, was from 3600 to 4800 cm-1, which is the fingerprint section 
containing specific information about the chemical structure of the material. It 
was important since it contains the combination band due to epoxy stretching and 
bending vibration, at 4530 cm 
1. Its absorption decreased systematically during the 
reaction and could be used in the kinetic studies, to determine the degree of 
conversion. A most important peak was noted at 4300 cm 
1, in which small 
absorption area started to change after 55% of conversion to solid network. It was 
probably related to -OH groups or some of their interaction. 
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Zone B was from 4800 to 6000 cm-'. There were three important 
absorption bands. The primary amine combination (bending and stretching 
vibrations) at 5056 cm-1, which gave a useful measure of how the PA decreased. 
Another useful peak was the hydroxyl combination band in the broad range 4800 
to 4900 cm-1. The absorption at 5240 cm I was representative of hydroxyl-water 
and could be used for determining moisture content. 
Zone C was 6000 to 7000 cm-1. An important peak appeared at 6670 cm 1, 
which was due to the combined absorption of primary and secondary amine. This 
was useful for the study of the kinetics in the latter stage of reaction, when PA 
groups were depleted and only the SA-epoxy reaction was taking place. The 
second important band was the first overtone of the hydroxyl group stretching 
vibration at 7000 cm 1. Although every reaction between an epoxy group and 
amine hydrogen produced a hydroxyl group, the use of this band to monitor 
reaction kinetics in terms of the appearance of hydroxyl groups was complicated 
by the simultaneous occurrence of hydrogen bonding and a 30-fold decrease in the 
absorptivity ratio of free bonded hydroxyl OH in the Near-IR versus Mid-IR 
spectra. It is well known that the hydrogen bonded hydroxyl group absorbs at 
longer wavelength than does the free hydroxyl group. 
The Extent of reaction is given by, 
oc=1-[(Ae, r)(Ar, o)1/[(Ae, o)(Ar, t)] 
(2-11) 
where Ae, o, Ar, o initial area of epoxy and reference peaks at zero time, and Ae, t, Ar, r 
at time t. A peak at 4530 cm-1was used to monitor the disappearance of the epoxy 
group. 
The most reproducible results were obtained at 4673 cm -1 (C-H stretching 
vibration of benzene ring). 
Two curves for the extent of reaction were compiled. The observed difference 
in 
initial rates and the corresponding horizontal shift was caused by a different 
sample size, the configuration and the associated unavoidable 
discrepancy 
between thermal histories in the pre-isothermal stage. 
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2.2.2.3 Experiment 327 
From the plot of the relative intensity of the oxirane band 910-1730 cm-1 
after 24 hours of cure, and at different weight ratios of epoxy and hardener, it 
appeared that the relative residual epoxy was minimum at the weight ratio 1: 1. In 
contrast at this ratio, the exotherm was observed to be a maximum. According to 
the residual epoxy in the cured film, assessed by IR Spectroscopy and the extent 
of the cross-linking (related to percentage swelling of polymer matrix), it was 
concluded that the curing was not 100% but was most effective at a ratio of 1: 1. 
2.2.2.4 Experiment 428 
Mijovic16 investigated overtones and combination of X-H fundamental 
vibrations, which covered the region 1 to 2.5µm. The near-IR technique provided 
poorly resolved spectra, which were complex due to different orders of 
combination modes and overtones. This lead to very limited chemical 
information. The technique was also inhibited by the lack of a comprehensive 
spectral library. The method was suitable for large samples and a prior knowledge 
of the sample is required. 
Near Infrared spectroscopy was used by Finzel17 to study Phenyl glycidyl 
ether (PGE)/Aniline reaction, which was held in heated cell at 125°C, then cooled 
down to room temperature. There was a strong increase in hydroxyl absorption at 
3300 cm-1. At 915 cm-1 there was a peak, which was used to evaluate the extent of 
reaction. The absorption band at 915 cm -1 was also influenced by hydrogen 
bonding, hence it was not a measure of the concentration of free epoxy groups and 
brought into doubt its use for quantitative kinetic analysis of reactive epoxy 
system. 
2.2.3 Calorimetric Study29 
This study was to investigate if preferential orientation of dipoles in the 
microwave field, as opposed to random orientation in the thermal field, altered the 
rates of individual reactions. This leads to different network morphology and 
properties. The objective was to compare the results of calorimetric measurements 
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of curing rates of an epoxy formulation, in a series of isothermal conditions 
created by thermal and microwave environments. Two parameters characterized 
the advancement in this investigation, the degree of cure (a) and the glass 
transition temperature (Tg). The basic premise of a differential scanning 
calorimetry (DSC) analysis is that heat evolved during cure is proportional to the 
reaction rate. The degree of cure (a) is calculated from, 
AHutr - AHY =1- 
AHr 
(2-12) OHult AHurf 
Where AHr is the residual heat from a=0 to 1 and OH,, 1, is the total heat of 
reaction. The results showed that the degree of curing and the glass transition 
temperature Tg were a function of time for a series of isothermal conditions in 
thermal and microwave fields. Because of the lack of knowledge of the 
mechanism of curing in the microwave field, no attempt was made to fit the data 
to a phenomenological question. These results clearly showed that both the degree 
of cure and the glass transition temperature increased with time and temperature 
and happened faster in the thermal field than the microwave field. Another 
apparent characteristic of the microwave cure was a two-step glass transition. A 
broader Tg range suggested a broader molecular weight distribution (MWD) 
and/or morphological heterogeneity. A rising doubt was that the local variation in 
temperature was the main reason for the broader MWD, namely the difference in 
reactivity between primary and secondary amines. 
Chemical conversion was estimated from the heat released up to a certain 
time during isothermal cure, divided by the total heat of reaction. 
2.2.4 Differential Scanning Calorimetry30 
Using DSC it was shown that the autocatalytic model was capable of 
predicting the kinetics of curing. The flame retardency of the epoxy resins was 
significantly improved by using an aryl phosphinate anhydride-curing agent. It 
was widely agreed that the mechanism of the reaction of the 
epoxy/anhydride/tertiary amine systems was initiated by a tertiary amine and/or 
the anion formed through the interaction of the tertiary amine with an anhydride 
or an epoxy. 
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If the cure was the only thermal event, then the reaction rate was equal to 
the heat flow dH/dt over the overall heat of reaction AHr, 
da/dt=(dH/dt)/AHr the extent of reaction a is given by AHt/AHr 
where AHr is the partial area under a DSC trace up to the time t. 
The autocatalytic model, proposed by Kamal and Sourour 20, which was 
widely used in following the cure of an epoxy resin/amine system, could be 
applied to calculate the following parameters. 
If the constants of reaction kl and k2 are functions of temperature and follow an 
Arrhenius-type behaviour, 
k=koexp(E/RT) (2-13) 
The energy of both reactions I and II was calculated from the plot of Lnk1(T) 
and Lnk2(T) as a function of 1 /T. Relatively linear behaviour was observed, 
allowing for the evaluation of activation energies for both kinetic constants. The 
activation energies were 77-92 KJ/mol and 83-146 KJ/mol respectively. The 
model predictions were in agreement with the experimental data. 
2.2.5 Cure Properties of Epoxies with Varying Chain Length 
Studied by DSC31 
The heat of polymerisation was shown to be relatively independent of the 
monomer structure and chain length when determined by isothermal DSC. The 
overall mechanism of the epoxy reaction relies on the presence of free-proton 
donors and the formation of stabilizer complex intermediates. 
During the early stage of polymerization, the viscosity of the system was 
relatively low and molecular motion was not restricted. As the reaction proceeded, 
highly branched macromolecules began to form and there was a step increase in 
viscosity, which was indicative of the on-set of gelation. 
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2.2.5.1 Study in Dynamic Mode 
Analysis of scanning exotherms obtained by varying the scan rate gave an 
average activation energy Ea, as, 
-ln(ý/Tp2)=Ea, /RTp-Ln(AR/Ea, ) (2-14) 
Where dis the heating rate, Tp is the Temperature of the peak exothermic cure, and 
A is pre-exponential constant, and R is the gas constant. 
Unfortunately, this method could only analyse the overall process. 
2.2.5.2 Isothermal Measurements 
Analysis assumed that the total area under exothermic peak, L\Htotal, was 
equal to the overall heat of polymerisation after the reaction is completed. The 
fractional conversion, a, was therefore determined by dividing the heat evolved 
during isothermal cure, up to a particular time, AHt, by the total exothermal 
energy, a=AHt/AHtotai at a certain time t, da/dt=f(x)k(T), where f(x): function of 
fractional conversion, and k(T) is the apparent rate constant. 
If the rate had an Arrhenius form, k(T)= A exp (-Ea, /RT), then the rate of 
the reaction equation was used to evaluate the activation energy at a particular 
conversion. 
2.2.6 Gel Permeation Chromatography 32 
Gel permeation chromatography (GPC) was used to estimate the average 
molecular weight and molecular weight distribution. The heats generated by 
polymerisation in both scanning and isothermal DSC techniques were compared. 
This confirmed the degradation hypothesis of polymers (lower concentration of 
the reactive groups or lower reactivity of the longer chain-length derivatives). The 
isothermal activation energies were determined at conversions corresponding to 
the maximum reaction rate compared to corresponding values obtained from 
scanning DSC. The isothermal activation energy decreased slightly as the chain 
length increased, due to temperature degradation that couldn't be separated from 
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DSC analysis graphs, and it is also coupled with poor peak definition in the rate 
versus conversion plot, plus the impurity in the reaction, which catalysis and 
autocatalysis the reaction. 
The rate of conversion increased with increasing temperature, as did the 
whole level of conversion. Longer chain length systems cured slower than the 
shorter chain length system at any given temperature. The reaction rate (da/dt) 
against time showed a maximum at different temperatures for the poly- (ethylene 
oxide) diglycidyl ether PEODE/ 4,4'-diaminodiphenyl sulphone DDS system. The 
decrease in reaction rate with increasing chain length was consistent as well. The 
DSC results showed a nonzero initial rate indicating that initial impurity catalysis 
of epoxy-amine system occurred. A maximum in the reaction rates approached 
zero as each system reached full cure. 
An equation expressing the rate of conversion as a function of conversion 
and temperature was, 
Ln(da/dt)=Bg(a)-Ea, /RT (2-15) 
Where B is a constant and g is a function of a. The change in activation energy as 
a function of cure may be an indicator of changes taking place in the curing 
mechanism. Barton42 found that the Ea, appeared to increase after about 50% 
conversion, which he attributed to the increase in viscosity of the curing system 
and increasing diffusion control as vitrification was approached. This explanation 
for the change in Ea, as a result of vitrification, was not consistent with the manner 
in which Ea, was determined from the dependence of the logarithm of rate versus 
the reciprocals temperature. In this case the plots of the rate versus conversion 
assumed Ea, were constant and independent of temperature at each level of 
conversion. It was possible that the increasing difficulty in forming the hydrogen- 
bonded intermediate species, as the network structure develops, contributed to the 
variation in Ea,. Thus, 
da/dt =kl (1-(X)2(a+kl , /kl) (2-16) 
where k1=eo2k1/2, kl, =eocokl, /2, this was a suitable approximation for the epoxy 
cure. The constant klc (initial impurity catalysis) and kl (autocatalysis due to 
hydroxyl groups produced in situ) could be calculated as a function of temperature 
at various conversions (the rate at zero conversion yields kic by substitution in the 
equation above yields to k1). 
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2.2.7 Dynamic Dielectric Analysis (DDA)33 
This technique used measurements of capacitance and conductance by 
scanning 17 selected frequencies in the range of 100 to 20,000 Hz, over a period 
of 10 s. These values were converted to relative permitivity, c' and c". The Epoxy 
resin/hardener reaction studied never achieved completion at temperatures up to 
180 °C, because the curing process of cure was effectively arrested by 
vitrification. In this resin a high level of ionic species was found, which was 
manifested in extremely high levels of conductivity during the early stages of 
cure. One consequence of this high conductivity was a rapid build-up of electrode 
polarization as the resin heated up. This was reflected in the very high values of E' 
at low frequencies. The relationship between log c" and log f was linear, up to 70 
minutes into the cure. This implies that ionic conductivity was the only significant 
contribution to dielectric loss in this region. The high conductivity level masked 
any dipolar loss peaks. It was, therefore, reasonable to calculate the conductivity 
at any particular time from the measured dielectric loss, o 2m f c"c°, where s° is 
the permitivity of free space. In studies of the model epoxy systems, the point of 
inflection on the log 6 versus cure time corresponded closely to the gel point of 
the resin under the particular conditions of cure. The vitrification time correlated 
approximately with the position of the dipolar loss peak extrapolated to a 
frequency of 1 Hz. The relaxation time, in a curing thermoset, changed rapidly as 
the cure proceeded, from a typical value of 1µs in the liquid state, to about 1s in 
the glassy state. It is necessary to distinguish the dipolar relaxations, this can be 
carried out by subtracting the ionic contribution from the changes in the dielectric 
signal to the dipolar contributions to permitivity. 
The static permitivity ss as a function of time of cure could be obtained. 
This decreased monotonically during the cure, as a consequence of progressive 
cross-linking, which limits the mobility of dipoles. 
In the case of composites, the conductivity was closely related to reciprocal 
viscosity, and thus the maximum in dielectric loss 6 corresponds to the time at 
which maximum flow could be expected to occur in the composite. Gelation 
occurred in this composite sample after 58 minutes of curing, as identified 
by the 
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point of inflection on the log 6-cure time. Here the vitrification time in the 
composite could be predicted in the same way as with the non-reinforced resin. 
2.2.8 Chemiluminescence Measurement34 
Chemiluminescence (CL) is the luminescence observed when excited 
species are produced by chemical reactions. It is widely believed to originate in 
many cases from excited carbonyl groups formed by the recombination of peroxy 
radicals during oxidation. A photo-multiplier tube detects photons emitted from 
the sample during oxidation, and the total intensity of emitted light is plotted as a 
function of cure time. Changes in the intensity occurring as a result of the phase 
change that accompanies gelation and vitrification, provide a monitor of the state 
of cure. 
Experiments carried out on epoxy resins, T742 and 1071, showed two 
clearly defined peaks. The first sharp peak occurred within a few minutes of 
heating and was still present, though greatly reduced in intensity, when a nitrogen 
atmosphere was used. The first peak was the result of hydroperoxided reactions. 
The second peak could have been caused by the oxidation of the resin. In neat 
tetraglycidyl amine or diglycidyl ether resins when heated continuously for 24 
hours, the CL emission fell to zero. After 5 hours of continuous heating at 130 °C, 
the resins reached a reasonably steady state where the CL intensity was falling too 
slowly to be detected over a short period of time. It was found also that intensity 
became constant once a sample weight of 25-30 mg was obtained. This implied 
that the CL was only observed from a layer of finite thickness within the sample. 
Generally, the intensity of the observed luminescence depended on the 
geometrical arrangement of the sample, G, the quantum efficiency of the process, 
1, and the rate of recombination of radicals R, 
I=G(DR (2-17) 
When oxygen was available, the alkyl peroxy radicals (R02-) were formed 
from oxidation of the methylene groups. The resin initiated by the decomposition 
of adventitious hydroperoxide (ROOH) groups. Subsequent recombination of 
alkyl peroxy radicals results in oxyluminescence so that, 
I=GDkt[RO2-]2 (2-18) 
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where kt is the rate constant for recombination. It was found that factors that may 
be expected to cause the intensity to decrease were: 
(i) During the cure, the resin became more viscous; fewer radicals were able 
to escape the network, in which they were formed, to initiate oxidation. They may 
have recombined via a non-radiative pathway. 
(ii) As viscosity increased, k1 decreased since termination of peroxy radicals 
was diffusion controlled. This was given by the Debye equation, 
k1=8RT/31 (2-19) 
(iii) The diffusion of oxygen was slowed down to such an extent, that 
oxidation became confined to a thin layer on the surface. 
(iv) Many resins darkened on prolonged curing at high temperature and thus 
absorbed some of the luminescence. 
The factors that may have caused an increase in intensity were, 
(i) Oxidation was auto-accelerating, so [RO2-] increased and hence rI 
increased with time, resulting in a higher CL intensity. 
(ii) 1 Increased as the resin becomes more viscous because the excited states 
produced were less able to lose energy vibrationally. 
There was a reasonable correlation between gelation and the CL intensity, 
this mechanism may have involved several different processes occurring 
simultaneously, which are sensitive to the increase in viscosity during the network 
formation. 
2.2.9 Solid State 13 C Nuclear Magnetic Resonance (N. M. R) 
A study carried out by Finzel35 showed that at ambient probe temperature, 
using cross-polarization and magic-angle spinning (CP/MASS) coupled with 
high-power 1H dipolar decoupling, it was possible to correlate the individual 
peaks, observed in the spectrum, with chemical structural elements. However, 
these investigations of measurements at temperatures below the glass transition 
temperature, Tg were severely limited by the intrinsic line width of the signals that 
arise from inhomogeneous broadening. This was as a result of a distribution of the 
isotropic chemical shift due to differing conformation and was not averaged by a 
magic-angle spinning. 
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2.2.10 UV Spectral Measurements36 between 0.1 and 0.67µm 
It was difficult to correlate peaks or valleys from Ultra-violet/Visible 
spectra with the chemical transformations by Varduca37. Experimental data 
showed an exponential decrease of the absorption against time that became linear 
on the last portion of the curve, with no clear indication of when the curing 
process was completed. 
2.3. Discussion 
2.3.1 Limits of the Reviewed Studies 
" The work presented by the reviewed research showed that there is 
a lack of a coherent method to investigate the progress of the chemical 
reaction in epoxy resins. The matrix in many composite materials is 
epoxy resin, which is responsible for the linkage between all the 
reinforcing fibres needed to make the solid structure. 
" The reviewed methods for studying the chemical reactions, such as 
in epoxy resins curing progress, fail to give a complete explanation of 
development occurring in forming polymeric chains. 
" An attempt to understand the curing process of the epoxy resins 
was described in some papers, however none showed a methodology 
which extracted the data required by end users in industry, such as the 
constructors of complex bodies in advanced technologies (e. g. 
aerospace where a large use of fibre reinforced composites in the 
construction of fuselage and wings is gaining area). 
" Another element lacking in the reviewed papers, is sensors that is 
ready to be embedded in composite materials, and operates according 
to the safety requirements of industrial constructors (e. g. Aircraft 
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constructors do not allow the existence of the source of electric energy 
in proximities of fuel tanks), which implies a need for a new type of 
sensor. 
" Lack of embedded sensors for some applications to monitor the 
epoxy resin reaction over the cure progress in autoclave conditions 
" Absence of methods capable of translating the data produced by 
different analysis techniques into chemical conversions occurring in 
the reaction. 
" Lack of techniques capable of monitoring the reaction occurring in 
the epoxy resins adequate to operate in conjunction of an embedded 
optical sensor. 
" The reviewed studies lack presenting a method capable of defining 
the on set of glass transition temperature Tg, temperature at which a 
polymer changes from a liquid, which flows, to a solid, which does 
not. What is actually happening at the Tg on a molecular level is not 
known and may be different for each polymer, Tg also depends on the 
time scale over which it is measured. All this leads to questions about 
approaches used in predicting Tg. 
From this investigation it was concluded that a more consistent technique 
for monitoring the curing of epoxy amine system, has to be based on optical 
investigations. FT-IR spectroscopy was the best candidate. For on-line monitoring 
the embedding sensor based on such a technique requires the use of optical fibres. 
The DSC technique gave successful results in reviewed papers, although it is time 
consuming and requires laboratory conditions to operate, it would be a very useful 
method for adjusting and validating the FT-IR results. 
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2.3.2 Proposed Approach 
A new method will use electromagnetic waves to analyse the state of the 
material at a desired point in the structure, or as a network which will cover the 
whole body and keeps informing the operators of any anomalies occurring in the 
structure, evaluate the amount of transformation and the positions where the 
defects may happen at any time in the operation stage. 
Examinations of how the concentration of the reactants and the product of 
a polymer change with the glass transition temperature will be carried out, and an 
accurate definition of the value of Tg will be given. 
In the fulfillment of the planned experiments, a beam of radiation with the 
appropriate frequency range will be transmitted through a mixture of epoxy resin 
and hardener. This will be carried out by direct transmission or by embedding an 
optical fibre into it. Those frequencies corresponding to the allowed infrared 
transitions of normal modes of vibration that are absorbed will be measured. A 
technique for monitoring the mixture curing will involve a fibre optic sensor 
operating in the mid-infrared band of the electromagnetic spectrum, combined 
with a spectrometer fitted with a powerful detector. It is highly sensitive and uses 
a fast Infrared HgCdTe detector, which will be coupled via the chacogenide fibre 
cable and cooled in liquid nitrogen. This will provide a high signal-to-noise ratio. 
This combination will provide a totally new approach, where little work has been 
carried out to date. The infrared absorption generally corresponds to discrete 
vibrational transitions in the ground electronic state. The change in energy of 
these vibrations upon interaction with radiation is the origin of the vibrational 
spectrum. 
These experiments will be carried out on two epoxy/amine systems. These 
combinations will be studied separately as follows, 
Epoxy resin (DGEBA), is a Diglycidyl ether of bisphenol-A, AY105 (Liquid), 
GY260 (Liquid), and MY750 (Liquid). 
The Amines, Triethylenetetramine (TETA) (HY95 1, Liquid) and 2,2'-dimethyl- 
4,4'methylenebis(cyclohexylamine) (HY2954, Liquid) 
The new proposed approach is intended to concentrate on vibrational 
spectroscopy, and to use an FT-IR spectrometer to study the Mid-infrared region 
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of electromagnetic spectra. Here the technique will examine the fundamental 
vibrations of organic and complex inorganic, and covers the region 400 to 4000 
cm-1. The interaction between the electrical component of electromagnetic 
radiation and the dipolar motion in the molecules is the basis of vibrational 
spectroscopy. The dipole of the molecule must change during the vibration. CH, 
NH and OH groups are the most explicit bonds in mid-infrared region. 
Heteropolar A-B molecules absorb in the infrared region, but the homopolar A-A 
do not. FT-IR spectroscopy is a powerful and versatile technique for monitoring 
transient chemical change during the cure process, and structural change during 
the deformation process. It offers a unique possibility to obtain detailed 
information about molecular orientation and relaxation behaviour occurring 
during elongation, recovery, stress relaxation, and fatigue. The goal then will be to 
identify the characteristic Mid-infrared band assignments, monitor their change 
during the curing process, and use them to evaluate the reaction rate, deduce the 
kinetic of reaction and mechanical properties of the products. 
The Mid-infrared range can be transmitted through chalcogenide and 
metal halide types of optical fibre. The frequency of the emitted light must be 
identical to the frequency of the vibration. A fibre optic wave-guide will be 
embedded into the composite to make on-line measurements of changes taking 
place during the curing process. The selected chalcogenide fibre optics, a Mid-IR 
transmissive glass, which allows application in heated media, usable from 4000 to 
900 cm 1, with good chemical resistivity and high sensitivity, will be employed. 
The advantages, of using this novel combination, come first in taking 
benefit from the power of the FT-IR spectroscopy in the Mid-IR band of the 
electromagnetic waves to detect the very weak vibration of molecules. This leads 
to a clear separation of functional group peaks, since it is almost free of 
combination overtone bands. The second advantage comes from the ability of the 
chalcogenide fibre optic to transmit, in the selected region, and provide an in-situ 
monitoring of the smallest changes in the molecular vibration, which are 
instantaneously detected. This opens the field to study the change in the 
conditions of curing and to monitor the corresponding variation in the polymer 
network structure. 
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2.3.4 Potential Applications 
An important application for such new technology is the monitoring of the 
polymerisation in under specific conditions such as inside an autoclave where the 
temperature can reach values as high as 270 °C and high pressures ranging up to 
tens of bars. The described sensors in the literature review do not posses any 
properties to survive the conditions into the autoclave system without being 
affected, which will result in the distortion of the results For such application the 
optical fibre sensor is of importance, since it offers a technique, which relies on 
the changes in intensities of the light at specific wavelength over a desired range 
of frequencies to make a spectrum. These intensities will change only under the 
change occurring to the medium, so if the chosen optical fibre is not affected by 
the autoclave conditions then it produces a perfect tool to make a real on-line 
monitoring of the reaction progress, Sapphire optical cable is made of a material 
that posses the requirement to operate in the autoclave conditions without being 
affected or participate to the changes observed in the infrared transmitted beams. 
Chalcogenide optical fibres posses similar characteristics, however they do not 
survive temperatures that Sapphire fibre can tolerate hence the large difference in 
their costs. 
2.3.5 Conclusions 
A major requirement for important industrial constructors is a method for 
an on-line monitoring of the curing of epoxy resins during the processing of 
composite materials. Another important requirement is the design of sensor 
possessing particular safety measures for embedding in functional and body parts, 
made form these composite materials and used in aerospace and aircraft vehicles. 
Such a target has not been yet achieved, therefore a research project designing for 
the first time a sensor, capable of responding to the above stated requirements has 
been undertaken. It will concentrate on adaptation of the qualitative FTIR analysis 
method to a quantitative study, and then combine it with an optical embedded 
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sensor. The optical sensor will be designed from a pair of chalcogenide optical 
fibre cables. 
Fulfilment of the stated target is summarised in the plan for the proposed 
methodology, and the detail of each step is given in the remainder of the thesis. In 
the next chapter the method for construction of the unique and innovative optical 
fibre sensor will be developed. 
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Design and Construction of the 
Embedded Optical Fibre Sensor (OFS) 
3.1 Introduction 
Replacement of metallic structures with composites in transport vehicle 
constructions is not an easy task. Certainly the low specific gravity of the 
composite materials, their strength-weight and modulus-weight-ratios are 
markedly superior to those of metallic materials. However this new material is not 
simple to process, and once it is in operation it fails differently to metallic 
materials. Hence there is a great need for methods of processing and monitoring 
these completely new behaviours, which results in research for new methods 
different from the ones being used. 
Sensors are used to measure a range of parameters, such as temperature, 
pressure, stress or strain, radiations, position and orientations, and so on. These 
systems are based on various principles such as, mechanical, electrical and optical 
or a combination of both. However looking at the references for the current range 
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of sensors, there is none adequate for these particular applications. From the 
literature survey (chapter two) and the requirements of industry, optical sensors 
are presented as the best option. 
The subject covered in this chapter is the design for the first time of a 
unique optical fibre sensor for an on-line monitoring of the cure of an epoxy resin. 
It is a new tool responding to the most stringent safety regulations drawn up by all 
kinds of transport vehicle constructors. For this purpose technological support 
together with the components available for the design of the embedded system are 
provided. 
To select the optical fibre cable to be used in this study, propagation 
parameters for electromagnetic waves in optical wave-guide are investigated. The 
second point to consider is the choice of the desired gap between the signal 
carried by the output fibre and the input fibre. In this case a maximum thickness 
of the studied material is required. However knowledge of the maximum accepted 
sample thickness is needed to make the infrared signal reach the input fibre. Also 
described is the design of the sensor, where new ideas are applied to set up the 
sensor. It is a method for alignment and embedding of the optical fibre in the 
investigated sample, under restrictions of electromagnetic waves propagation. 
3.1.1 System Requirements 
The prime requirement for such a sensor is that it has to, 
" Transmit the Mid-Infrared band of the electromagnetic spectrum. 
Hence a material with lower absorbance of the infrared signal is 
required. 
" Ensure the arrival of most of the incident electromagnetic beam from 
the output to the input optical fibre, before introduction of the sample. 
The geometry followed by the propagating signal has to be understood. 
The propagation of the electromagnetic wave through the optical 
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instrumentation has to be followed, which includes the inside of the 
spectrometer then through the optical fibre cable and the sensing point 
where the sample is placed. Accordingly a design to ensure the 
maximum transmission has to be developed first. 
" Simplify the study by determination of the optical propagation mode, 
then the type of the electromagnetic propagation study, be it ray optics or 
wave propagation. 
The proposed sensor acquires a quantitative description of the parameter 
being measured. Such an acquisition is performed according to the stages starting 
by transduction of the measurand to output a number. The important 
characteristics in designing a sensor are sensitivity and dynamic range. Sensitivity 
is the change in the output of the sensor to unit change in the signal from the 
measurand. The other characteristic is the ratio of the maximum measurable signal 
to the lowest measurable signal, which is the dynamic range. Other sensor 
characteristics can also be considered in choosing the right sensor for a particular 
application (such as accuracy, errors and repeatability). 
3.1.2 Optical Fibre Sensor Classification 
A number of optical fibre sensor types were identified, including Intrinsic 
and Extrinsic sensors. In Intrinsic optical fibre sensors the parameter to be 
measured interacts directly with the fibre and modulates the properties of the light 
while it remains in the fibre. Micro-bend sensors and interferometric sensors are 
examples of this. 
Extrinsic optical fibre sensors use the fibre to deliver and receive the light 
from the measurement region, but do not take part in the actual measurement 
process. Modulated coupling between fibres is an example of this. 
Extrinsic 
sensors are a fusion of largely standard optical measurement techniques and 
fibre 
light paths. 
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Another class, which can be considered, is the hybrid sensor, this utilises 
conventional sensors, which are addressed and powered by optical fibres. The 
light propagating down the fibre provides the electrical power for the sensor via a 
photocell. The output from the conventional sensor is then transferred to the 
optical domain for transmission over the fibre back to a detector for decoding; the 
advantage in this complex mounting is the ability of the optical fibre to pass 
through hostile electromagnetic environment without affecting the signal. 
3.1.3 Intensity Sensors 
Optical fibre sensors are mainly multimode optical fibres. Phase and 
polarization information are light properties which are immediately lost upon 
entering a multimode optical fibre. This implies that the intensity is left the only 
transmittable property available for use as a modulation sensitive parameter. 
However, even the intensity is not well conserved in an optical fibre because of 
the variable attenuation effects. The majority of such sensors are extrinsic where 
the light is delivered to an intensity-modulating sensor. Examples of such sensors 
are the absorption measurement type. 
The details of the sensor's performance will depend directly on the 
intensity modulation employed, and all these sensors should be immune to 
external effects other than the parameters of interest. The concern is that the 
intensity can change due to some other external effects, and this change can be 
interpreted as a change in the measurand. These changes can be due to the 
variation in the output from the optical source and time dependent losses within 
the fibre. 
A balanced bridge37, shown in Figure 3-1, consists of two light sources 
and two detectors. In the sensor element region, the set-up is arranged such that 
cross coupling between the channels occurs in a controlled manner. The sources 
are modulated at different frequencies so that the signal from each light source 
may be discriminated at the detectors. Each of the two detectors provides two 
signals, one from each source, and by appropriate combination of these 
four 
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signals an output is provided, which is independent of variation in optical power 
from the source, and optical loss in linking fibres. It is still dependent on the 
stability of the coupling ratios and so referencing is not really complete. 
Iii 
A 
Figure 3-1 Balanced bridge referencing for intensity based sensors. 
Another option is to use a dual wavelength scheme. The first wavelength 
is chosen so that it lies in the absorption band of interest and the second is chosen 
to lie outside any absorption bands that may be present. Appropriate referencing 
of the output signals at the two wavelengths gives an output signal proportional to 
the absorption. However, this is not a complete referencing scheme either. It does 
not account for variations in the optical power from the sources, and the 
wavelength. 
Extrinsic configuration uses a mask to encode the transmitted intensity. 
Careful design of the mask to give different transmission characteristics at 
different positions of displacement gives an absolute measurement. An extrinsic 
optical fibre temperature sensor is the pyrometer. It is designed by evaporating a 
film of metal onto the end faces of the fibre, a film that is designated to act as 
black body. When in thermal equilibrium, some of the radiation emitted is 
coupled into the fibre back to the beamsplitter and two detectors; each detector 
has a narrow band pass filter placed in front. Thus from the signals observed at the 
two pass wavelengths the blackbody spectrum can be inferred and the temperature 
calculated. This sensor is completely passive and requires no light source. 
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3.2 Optical Fibre Sensor (OFS) Design 
3.2.1 Wave Propagation Considerations38 
Investigation of the propagation of an electromagnetic wave through a pair 
of optical cables may be examined by a simple ray optic, provided that the 
dimensions of the wave-guide are much larger than the wavelength of the 
electromagnetic waves being propagated, which is between 0.7 to 4 µm. The core 
diameter of the chalcogenide optical fibres is ý> 200 µm. The total internal 
reflexion in a flat slab of transparent dielectric can be used to easily visualise the 
ray distribution and the guiding properties similarly to the chosen optical cables, 
this has an index of refraction no higher than the surrounding medium no. 
From Snell's law, a ray within the slab will be totally reflected at the 
interface between the core and the cladding provided that the angle of incidence 
exceeds the critical angle Oc given by, 
Bý = sin(n2 / nl ) (3-1) 
here nl and n2 are indices of refraction of the cladding and the core respectively. If 
the angle of incidence at the interface exceeds the critical angle, rays will be 
reflected from each boundary and be contained within the slab along the length 
until it emerges from the far end. However in the flat slab Figure 3-2, there is 
guidance only at the top and bottom, and light can escape at the edges. 
d 
Figure 3-2 An optical wave-guide in two-dimension representation. 
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The total internal reflection can still occur at any local tangential plane 
where an incident beam hits the wall provided the angle of incidence is less than 
the critical angle even though the wall is curved. However the 3-dimensional 
geometry of rays in a cylindrical form of the optical fibres is less simple than that 
of a slab. If a ray passes through the axis of a cylindrical wave-guide shown in 
Figure 3-3, it will remain in the same plane provided conditions for total internal 
reflection apply. It will be constantly reflected backward and forward through the 
axis and will propagate down the rod. Such a ray is known as meridional ray. If a 
ray enters in the plane not containing the axis, which is generally the case, and the 
conditions for internal reflection are met, then the ray will ricochet around the 
cylinder walls describing a helical path, such rays are called skew rays as shown 
in Figure 3-4. 
Ray path projected on 
fibre and face 
Figure 3-3 Meridional ray in a cylindrical wave-guide. 
-- 
Ray path projected on 
fibre and face 
Figure 3-4 Skew rays in a cylindrical wave-guide. 
When the total internal reflection occurs, no refracted ray can propagate 
outside the interface, but an evanescent field exists within the medium of the 
lower refractive index, which decays rapidly within a few wavelengths. Any 
perturbation of this field, by surface imperfections or by contaminations, will have 
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a profound effect on the total internal reflection mechanism and causes rays to 
escape from the fibre. 
It is, therefore, necessary to clad the wave-guide with a second layer of 
dielectric material of lower refractive index to protect the surface of the core. The 
cladding should be of sufficient thickness (> few wavelengths) that the evanescent 
field has effectively decayed to zero at the outer boundary. If the refractive index 
is constant throughout the core, this is called a step-index fibre see Figure 3-5. 
Index profile 
n2 
nl 
Figure 3-5 Step-index fibre (multimode). 
3.2.2 Numerical Aperture 
Numerical aperture is an important parameter in the fibre optic technology 
and is defined as the sine of the half angle of the maximum cone of light, which 
can be guided down a fibre. This is shown diagrammatically in Figure 3-6. 
Conical, alf no 
angle_ rL 
, 
Core 
11 ------------------------------ 
ni 
n2 Cladding 
Figure 3-6 Numerical aperture (NA). 
An incident ray on the end face of a fibre at an angle of incidence, where 
9m, is the ray which is at the critical angle of incidence at the core and cladding 
interface, 8,, Figure 3-7 
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Then the numerical aperture is defined as, 
NA= nosin0m (3-2) 
At the end face of the fibre, 
nosinO,,, nlcosO (3-3) 
At the core-clad interface, 
nosin9, = n2cos7r/2 (3-4) 
Combining (3-2) and (3-3) results in, 
nosinOm (n12-n22)1/2 (3-5) 
Since the outer medium is often air where no is unity equation (3-5) becomes 
NA=(n12-n22)1/2 (3-6) 
If the difference between nl and n2 is small equation (3-6) may be written as 
NA=n1(2A)112 where A=(n 1-n2)/ni (3-7) 
Numerical aperture is a measure of light collecting capability of the fibre 
and is dependent only on the refractive indices of the core and cladding. This 
derivative is valid for meridional rays analysis, for skew rays a more detailed 
analysis is required. However for most design purposes equation (3-7) is 
adequate. 
Light is guided down the fibre core in what are known as guided or 
bounded modes. Light with an angle of incidence at the core and cladding 
interface of less than critical angle is unguided and escapes. Some of this light 
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also escapes from the cladding in the form of radiative modes. In between some 
rays escape from the core but are then reflected at the air and cladding interface, 
these are termed cladding modes but because of the lossy nature of the cladding 
they gradually die away as shown in Figure 3-7. Cladding modes may introduce 
inaccuracies in a sensor, which depends upon intensity modulation of light 
Most fibres support hundreds or even thousands of modes, their number is 
determined by, 
N=(KaNA) 2/2 (3-8) 
Where N is the number of modes, a, is the radius of the core and K is a 
constant equal to 27t/a,. 
Radiation modes 1 
Cladding modes 
iddd modes 
Fibres with N greater than or equal to three are called Multimode. 
However, as the fibre diameter and NA reduce, so too does the number of modes, 
until N falls below 2.892 at which point all spatial modes except one are cut off, 
Such a fibre is called a Single Mode fibre as shown in Figure 3-8. 
In a Multimode step index fibre all rays travel in the core at the same 
velocity but the overall path length increases as the angle of incidence at the core 
and cladding interface reduces. This extra path length causes a difference in 
transmission time between the rays, and limits the bandwidth of the fibre. 
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4 Index profile 
n2 
Ei 
Figure 3-8 Single mode step index fibre. 
If the refractive index is reduced from centre to periphery in a near 
parabolic manner as shown in Figure 3-9, the path length of the outer rays is still 
longer than that of the inner rays but the outer rays travel in regions of lower 
refractive index than the inner rays and hence travel at higher speed. 
Figure 3-9 Multimode graded index fibre. 
If the correct refractive index profile is selected the longer path length may 
be offset by higher ray velocity and delay can be almost eliminated. This type of 
fibre is called Graded Index and is capable of transmitting data at 1 GHz rate over 
al km link. 
3.2.3 Causes for Signal Diminution in OFS 
3.2.3.1 Optical Fibre Attenuation 
In optical fibre sensors, the attenuation properties are not so important as 
in long communication fibre where the loss is accumulated over the distance. 
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However an important property to know is the variation in attenuation with 
respect to wavelength. 
The major origins of the different loss mechanisms are absorption and 
scattering. Absorption has two origins and can be due to the material constituent 
and impurities. Absorption due to the fibre is a natural property of the material 
and provides both high and low wavelength limits for the overall attenuation of 
the fibre. The absorption due to the electronic and molecular transitions provides 
the low wavelength limit. The absorption in the infrared is due to the vibration of 
chemical bonds. These extremes define the useful range of minimum intrinsic 
absorption to the far infrared-region. 
The absorption due to impurities in the fibre can be faced in new 
manufacturing techniques. However, even very low levels of contamination can 
contribute to the overall attenuation. It causes a problem if it is in the region of 
low intrinsic absorption. Water is a particular problem, the -OH, hydroxyl ions 
are major active elements in this region. The resonance of this absorption 
produces peaks at 0.95,1.23 and 1.37µm even with concentrations of less than a 
few parts per million. 
Scattering arises due to the random fluctuations in the composition and 
density of the fibre core. Rayleigh scattering varies as 2J4, where 2 is the 
wavelength. Non-linear scattering may also occur for high optical power within 
the fibre. 
3.2.3.2 Optical Fibre Dispersion 
The dispersion properties of the fibre must be considered with the 
variation in the propagation with wavelength. Different wavelengths travel in the 
fibre at different speeds due to the variation in the refractive index for each, and 
so information entering the fibre will be spread out in time at the output of the 
fibre. This is important in long fibres such as those used in communication 
systems. 
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3.2.3.3 Bending Losses 
Any bend in a fibre may distort the ray path and cause some energy to be 
scattered from guided modes into the cladding but the loss is insignificant unless 
the radius of curvature of the fibre is less than a centimetre, when the bends are 
small compared to the fibre diameter. Micro bending losses occur when caused by 
irregular changes in direction of the fibre axis and exaggerated by imperfections at 
the core and cladding interface, the micro bending at this interface is used as basis 
for many sensitive sensors. 
3.2.4 The Spectrometer: Key Component in 
OFS 
3.2.4.1 Spectrometer Architecture 
An absorption spectrometer is an optical sensor, which has been used 
worldwide for more than fifty years in detecting chemical species. In choosing 
such an optical sensor it is important to investigate first its accuracy, its 
sensitivity, the signal to noise ration the dynamic range, the interaction process to 
be investigated, the form of the output, the operating environment, the required 
response, and the effect of the sensor on the measurement. 
There are two distinct types of infrared spectrometer in common use for 
studying polymers, depressive instruments and Fourier transform instruments. In 
the depressive instruments the radiation is physically split up into its constituent 
wavelengths by a monochromator, either before or more usually after it passes 
through the sample. Then the different wavelengths are processed in sequence. In 
the Fourier transform instrument radiation of all waves passes through the sample 
to the detector simultaneously. The detector measures the total transmitted 
intensity as a function of displacement of one of the mirrors in a double beam 
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interferometer, usually of the Michelson type, and the separation of the different 
wavelengths is subsequently done mathematically using dedicated computer 
software. The spectrometers produce their output as an absorbance or 
transmittance spectrum plotted as a chart recorder, or as processed by specific 
software and displayed on a monitor, allowing intervention on the spectrums 
using various mathematical processing methods to extract maximum information. 
The Fourier transform infrared (FTIR) spectrometer Figure 3-10 Provides 
a completely new approach to the recording of infrared spectra and interpretation. 
Sou: irce (700 to 4000 mniciouiietei 
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Figure 3-10 Schematic diagram of Fourier 
Detector 
Transform Infrared Spectrometer ýY/ an 
HqCdTe 
Consider first the effect of the movement of the mirror Ml, if 
monochromatic radiation of wavelength 2 passes through an odd integral, 
multiple of 2J2. Destructive interference will occur for the intensity of the 
recombined beams, which will be zero. When, the path difference is n2 , where n 
is an integer, the two beams constructively interfere, to give maximum measured 
intensity. The intensity measured by the detector varies cosinusiodally with the 
displacement of the mirror. If the radiation passing through the interferometer and 
reaching the detector, consists of two wavelengths are of equal 
intensity, the 
intensity of combined beam at the detector is a more complex but still 
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symmetrical function of the displacement of the mirror. When the two 
wavelengths are unequal intensity owing for example, to the presence of material 
at the sample position, which is absorbed at one of them, the pattern is further 
modified 
3.2.4.2 Useful Components from Communication Optical 
Fibres 
From optical fibre communication technology, a number of components 
were developed and are ready to be used in optical sensory, including low loss 
fibre. There are different types of fibres, multimode, singlemode, polarised and 
doped fibres 
" Optical fibre couplers and connectors. 
" Compact solid-state light sources and detectors. 
" From the bulk optic some components are of great use in the optical fibre 
sensors. 
" Mirror, reflective coatings on fibre ends 
" Beam splitters, Optical fibre couplers 
" Polarisers, polarisation preserving fibre 
" Lenses, compact fibre compatible GRIN lenses 
3.2.4.3 Detectors and Receivers 
The transducing mechanism for an optical signal, is when it converted to 
an electrical one in order to process it, and either record or display it. This 
function is accomplished using a photodetector to convert the optical energy to an 
electrical one. This usually produces a low level electrical signal, which needs 
amplification before any processing. The existence of a wide range of optical 
sensor types implies the existence of a wide range of detectors. The basic 
requirement among all these detectors is the reproducibility in transducing the 
optical energy to an electric energy, ideally with a linear transfer function. 
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Sufficient sensitivity is also required over the range of power levels. In the 
extrinsic sensors, such as those relying on light scattering and including laser 
velocity-meters, the received power might be so low that single photons must be 
detected. Photodetectors fall into two categories thermal and photons. In thermal 
detectors the received optical energy is converted to heat within the detector, 
which causes an electrical signal to be modulated by the rise in temperature. In 
this type of detector the energy of the single photon has no significance, it is only 
the total optical energy that is important, thus the detectors response is 
independent of the wavelength. In the photon detector, an electrical charge carrier 
is liberated by the absorption of the energy from a single photon. 
The detectors of most interest to this current research are photoemissive 
sensors, which are photon sensors and not solid state or photoconductive devices, 
often used for medium infrared detection. 
The basic principle of the photoemissive devices is the absorption of a 
photon at a conducting surface or a photocathode, this causes emission of an 
electron, which then may travel through a free space and be captured at an anode, 
hence a detectable electric current is produced. The proportion of photon 
absorption leading to the generation of an electron is defined as the photon 
efficiency il; which is equal to . 01% 
for pure metals. The photon energy required 
to liberate an electron is the work function x of the pure material. For Cesium it is 
equal to 2.1 eV, which is the lowest work function. It is used to form classical 
photocathodes by evaporation of a thin layer mixed with metallic compounds 
from group V of the periodic table. The alloy NaKCaSb forms a common 
photocathode. It has a cut off wavelength of 0.8µm and a quantum efficiency of 
3% at wavelength of 0.7µm. 
The vacuum photodiode comprises a photocathode in an envelope 
containing a low-pressure gas arranged so that radiation from outside the envelope 
can strike the photocathode. An anode is biased at a few hundred volts relative to 
the cathode within the envelope. Photomultipliers have similarities with the 
vacuum photodiode, in that they contain a photocathode and an anode. The basic 
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detection mechanism is the emission of electrons from the cathode caused by 
absorption of photons. However the primary photoelectrons are accelerated 
towards the anode by the series of grids at successively higher potentials. These 
grids are called dynodes, and when an accelerated electron strikes one it causes 
several secondary electrons to be emitted, which are in turn accelerated towards 
the next dynode in the chain, where further collisional secondary electron 
emission occurs, leading to an avalanche multiplication process. 
3.3 Construction of the Experimental Sensor 
The newly designed sensor for this project relies on Infrared spectroscopy 
(IR-Spec). The spectrometer outputs a wave in the infrared band of the 
electromagnetic spectrum, as incident beam to optical fibre cables (OFC), which 
is immediately transmitted through a sample. The transmitted beam is collected by 
a second optical fibre, denoted input OPC, and then back to the detector installed 
inside the spectrometer. The latter is a powerful MCT detector (Appendix A) 
capable of sensing the attenuated IR signal when travelling into the OPC 
Fourier Transform based hardware translates the signal from the detector 
to a frequency domain signal. An interface is mounted on the corresponding 
computer to enable communication with the spectrometer. Figure 3-11 shows the 
full set up of the sensor including spectrometer, an optical interface made from a 
set of gold coated mirrors, and two Chalcogenide optical fibre cables aligned by 
means of a micro holder. The chalcogenide cables (Appendix A) used for this 
sensor have a cut-off point out of the band 400-4000 cm-1, which is the region of 
interest for the infrared active vibrations. 
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Infrared Beam Cha$cogenide 
Optical Fibres 
Epoxy Resin 
Figure 3-11 Schematic diagram of the set-up in which fibre ends are embedded in the resin 
3.3.1 Combining Fibres with the Spectrometer 
The fibres were aligned by means of the holder sitting on the same bench 
as the spectrometer at 400 mm high. A micro holder was built to achieve the 
appropriate alignment of the two fibre optic ends and a micrometer was added as a 
means of adjusting of the gap between the fibres end faces. The set-up is shown in 
Figure 3-12, and the design is shown in Figure 3-13. 
The sensor set-up as seen from tpo and the 
60 cm 
front side including dimensions 
52 cnm 
20 cm 
Figure 3-12 Positioning of the micro-holder for the alignment and adjustment of fibres 
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Figure 3-13 Design of the micro-holder 
The embedded OFS, which operates in the mid-infrared band of the 
electromagnetic spectra, shown in Figure 3-14 and Figure 3-15. It shows the setup 
used to make the embedding assembly. It was combined with the Jasco 410 
spectrometer, fitted with a powerful fast Infrared HgCdTe detector cooled in a 
liquid nitrogen, to provide a high signal to noise ratio, coupled to a Chalcogenide 
fibre optic cables via an optical interface produced from two gold based mirrors 
(see Appendix A). The mirrors were set to reflect the beam from the source at an 
angle of 90° into the optical fibre, and from the optical fibre again when the signal 
was back to the detector at a 90° angle. 
Figure 3-14 Two fibre optic axially aligned before adjusting the gap to 3 microns 
Figure 3-15 A mixed resin poured on the fibre optic ends and the gap was adjusted by an 
incorporated micro meter before collecting any data. 
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3.4 Conclusion 
An investigation was made into the propagation of the electromagnetic 
waves in the novel optical assembly, which lead to the newly designed sensor. 
There were some restrictions in its construction, 
" The most important restriction was that the optical fibre cables had to 
transmit the Mid-Infrared electromagnetic waves. To achieve this 
requirement a chalcogenide type of optical fibres was selected. 
" The second point dealt with, was the alignment of the fibre when 
embedded into the studied sample. 
" The last requirement was the gap adjustment, to ensure the transmitted 
light fall inside the critical angle cone of the receiving fibre. 
Accordingly an adequate design for the sensor was developed, therefore a 
successful construction of the optical sensory system was fulfilled. 
Another option for the construction of this OFS was to use Optical Fibre 
Cable (OFC) of a much smaller diameter <100 microns based on Sapphire. The 
possibility of using this type of optical fibre was ruled out due to the cost. 
The following chapters examine the OFS implementation into composite 
materials. 
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Quantitative Analysis of Epoxy/Amine 
Reaction using Novel FT-IR Technique 
4.1 Introduction 
As stated in chapter two the most consistent techniques for assessing the 
curing of an epoxy amine system, were the Fourier Transform Infrared (FTIR) 
spectroscopy and Differential scanning calorimetry (DSC). 
The aim of this chapter is to develop a method, using the newly designed 
and constructed Optical Fibre Sensor (OFS) based on FTIR spectroscopy, for a 
quantitative evaluation of the chemical reaction taking place between, epoxy resin 
Dyglicidyl ether bisphenol-A (DGEBA) and the hardener triethylenetetramine 
(TETA) at room temperature. Consequently the objectives will be, 
" To produce similar infrared spectra using two different routes. 
Firstly by direct transmissive analysis where the sample is introduced 
into the spectrometer analysis chamber. Secondly by expanding the 
first experiment to carry the analysis outside the spectrometer 
chamber, which requires the use of the constructed OFS. 
" To Process the spectra collected over the curing time by either of 
the stated routes. This is a completely new approach to in way FTIR 
spectra are used. It will define the form of the changes occurring to the 
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concentrations of the reactants and the product of the reaction 
DGEBA/TETA system. 
To perform the work to meet the objectives of the thesis will involve, 
" Performing direct transmission of the Infrared beam through a thin 
film (20-30 microns approximately), of the DGEBA/TETA mixture 
spread to a Potassium Bromide (KBr) disc, and incorporated into the 
spectrometer chamber. Spectra will then be collected on the sample as 
the chemical reaction progress. This will be continuously reflected as 
changes in the recorded spectra at defined frequencies. 
" Linking the constructed OFS to the spectrometer via an optical 
interface made from two gold plated mirrors. To fulfill this 
experiment it will be necessary to switch the spectrometer to the 
second detectors. It will be an MCT detector, which must be cooled by 
liquid Nitrogen. The first step will be to collect the background 
spectrum without any sample being analyzed. It will be a record of the 
effect occurring in the optical circuit involved in the overall set up, 
with the gap between the end faces of the pair of optical fibre cables 
pre-adjusted according to revelations from preliminary experiments. 
" Adjustment and tuning of the OFS gap will define the thickness of 
the sample being studied. Therefore adjusting the micrometer (0.05 
microns precision) will result in reproduction of the desired spectra at 
an approximate sample thickness of 2-5 microns. Similar results will 
be achieved by direct transmission as corresponding thicknesses are 
spread on the KBr discs to produce a consistent spectra. The minimum 
saturation was defined as the limit at which the strongest peaks on the 
displayed spectra crosses the abscissa axes. Consequently further fine 
adjustment of the infrared light transmitted through the sample by the 
adjustable aperture on the optical circuit in the spectrometer before it 
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hits the sample will be needed. Careful work will be achieved by 
taking the background of the complete optical circuit/path. Hence only 
new effects brought by the sample will be considered and displayed in 
the spectrum. 
" Most of the work will be based on the results collected by direct 
transmission. Because of expense of the chalcogenide optical fibres, it 
will not be possible to use a new pair for every experiment. This 
reason imposes the interruption of every experiment carried out with 
OFS, before the being investigated reaction reaches completion. It will 
allow the separation of the optical fibres at the gap and easy cleaning. 
This will prevent affecting the anti-reflective coating fitted on the 
highly polished end faces of the OFS, and ensure ability of re-using 
them. 
4.1.1 Transmission Spectroscopy Principle 
The analysis begins with the Beer Lambert Law, 
A=Log Io/I=c cL (4-1) 
A represents the absorbance, I and Io are the intensities of the transmitted and the 
incident electromagnetic wave, c is the coefficient of extinction, c is the 
concentration of the absorbing species, and L is the thickness of the sample. 
The basic equation that relates the rate of conversion of the reaction of 
epoxy/ hardener at a constant temperature to some function of concentration of 
reactants is given by. 
da/dt=kf(a) (4-2) 
thus da/f(a)=k dt (4-3) 
Where da/dt is the rate of cure, a is the fractional conversion at any time t, k is 
the Arrhenuis rate constant, and f(a) is a function form of a that depended on the 
reaction mechanism, 
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k= ko exp(-E/RT) (4-4) 
The fractional conversion a can be calculated by various methods. These 
will allow the rate of reaction or degree of chemical conversion to be deduced 
from the results using the ruler method which measures the difference in 
absorbance over time at any desired active group (Appendix E). It will be 
necessary to look at a peak, which stays unchanged during the curing process. The 
C-H stretching peak is a good candidate as a reference peak, with an absorption 
peak at 2970 cm . 
1 
Following the appearance of the hydroxyl group during the cure, three 
major reactions will be used to describe the cure formulations, namely primary 
amine +epoxy, secondary amine +epoxy, and tertiary amine or etherification. 
These will be used for the quantitative determination of epoxy groups 
concentration versus time. 
4.2 Investigation of the Epoxy/Amine Cure at 
Room Temperature 
DGEBA/TETA (Diglycidyl ether of bisphenol A/ Triethylenetetramine) 
was selected for the study. A Jasco 410 spectrometer was used in the study. 
4.2.1 Experiment Procedure 
A thin film, 20-30 microns thick, was produced from a stoichiometric 
mixture of Epoxy resin /Amine system prepared at room temperature. This was 
spread onto a 13mm (KBr) disc prepared in the laboratory from dry Potassium 
Bromide powder. DGEBA (Araldite MY 750), which had an average molecular 
weight < 700, and TETA (Hardener HY 951) were used. These materials were 
obtained from Ciba Specialty Chemicals Inc. 
The spectrometer had to be switched on before the PC, to allow its 
recognition by the computer while booting. For the collection of the spectra there 
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were two routes to be followed depending on the experiment type. The first was 
the spectra measurement option, selected from the main menu. It permits the 
collection of the spectra one after the other when the operator desires. The second 
route was the interval measurement, which allows an automatic collection of 
spectra over a set period of time at pre-defined intervals, see Figure 4-1. 
Application Instruments Fiele 
Instruments: '; N FT/IR-410/CO34660585 
dnaJysis: Measurement: 
Spectra Measurement 
File Viewer + == 
JASCO Canvas 
CLeveRting Analysis 
Spectra Search 
Interval Analysis 
Figure 4-1 Spectra manager window 
The first step was to record a background of the entire medium falling in 
the path of the infrared beam during the experiment. This included the KBr disc 
and the optics inside the spectrometer plus the surrounding air including the 
moisture. This was achieved by placing the KBr disc on its holder, inserting it into 
the corresponding position inside the spectrometer, then clicking the B button on 
the spectra measurement or interval measurement menu, see Figure 4-2. 
tie Settings View Heb 
120 
%T 60 
20 
4000 3000 2000 1000 400 
Wavenumber[cm-1 ] 
Figure 4-2 Spectra measurement window 
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The background was recorded and saved. It was used over the complete 
period of the experiment by subtraction from every collected spectrum, which 
leaves only a spectrum representing the pure material under study. 
The background was measured 16 times scan and averaged, each was 
computed at 4 cm' resolutions as shown in Figure 4-3. 
Standard I Interferometer FFT I Others i 
Scan tibet: Fg- r- Auto 
FBesdution 4cm-1 
OK I 
Figure 4-3 Parameters setting window 
The final form of the background looks like the spectrum in Figure 4-4. 
Once the spectrometer and the computer were both ready to receive the 
sample and start the collection of data. The mixing procedure was carried out in a 
fume cupboard. The two reactants DGEBA and TETA, were weighed out on an 
electronic balance with a weighing accuracy of 1/100th of a gram. 
3000 2000 
Wavenumber[cm-1 ] 
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The mixing ratios were stoichiometric. The molecular equivalent weight of 
the epoxy was 186.56 g and this should react with 24.33 g of amine. This amount 
was sufficient to reproduce a similar product every time the mixing was repeated. 
After a minute stiring, a thin film of the mixture was spread on the KBr disc, this 
operation lasts an average of two minutes until the disc is placed on the holder and 
imidiately inserted into the spectrometer. The first spectrum was immediately 
collected by clicking on S "sample" icon in the spectra measurement menu. The 
result was as can be seen in Figure 4-5. 
98 
3000 2000 
Wavenumber[cm-1] 
Once the spectral data were collected, they were processed in spectra 
analysis if the collection was done through spectra measurement or interval 
analysis corresponding to interval measurement. 
The spectra were in the form shown in Figure. 4-6. In the peak processing 
menu bar, peak area option was selected, as shown in Figure 4-7. The boundaries 
for the peak under investigation were set. The ratios of P2 to PI were 
automatically generated, and these were the values monitored over time as they 
corresponded to the changes occurring to the reactants and products in the 
investigated reaction. 
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Figure 4-6 The resulting spectrum is send to spectra analysis for processing 
Figure 4-7 The fashion in which the peak area is calculated 
The peak area values changed and this was seen by opening the next 
spectrum's file, and repeating the above procedure. This resulted in a new ratio 
being recorded until the peak disappeared, or stabilized. The collected data were 
transferred to an Excel file as shown in Figure 4-8 and stored as a matrix, to be 
plotted or used by in Qbasic program (see Appendix G) for the calculation of 
constants of reaction kl and k2. 
In the case where the second route of measurements was chosen, Interval 
Measurement was chosen, and the processing procedure will be carried out 
through Interval Data Analysis as shown in Figure 4-9. 
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Figure 4-8 Data are send to an Excel spreadsheet for storage 
130 
100 
! ýT 
50 
20 
4009 
Figure 4-9 In case of interval measurement the data have to be transferred to data analysis 
for processing 
A similar procedure to the spectral measurement was carried out by 
sending the collected spectrum to spectral analysis routine, and then processing it 
in the same fashion, Figure 4-10 shows some extra advantages found using 
interval data analysis, such as three dimension viewing of the change in the 
spectra over time. 
Yrew Graph ! 1ihwlc yva 4: ndow Toolbar He(p 
-1121J 
130 
%T l Y^A 900 
20 
40 00 400 
Figure 4-10 Extra options in using interval data analysis to display results in 3D 
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Diglycidyl ether of bisphenol A (DGEBA) OH 
+ 
CHF--CHF--NH 
2 
\ CH2 CH2 NH2 
CHF CH2 NH2 Triethylenetetramine (TETA) 
RI 
NH 
OH 
Secondary amine 
RI-NH2 + C- CH-R2 
Primary amine 
\/ 
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Figure 4-11 Schematic diagram of the DGEBA/TETA reaction 
4.2.2 Results 
The results of these experiments were prepared for correlation with the 
results from a simulated model of the reaction. This used a set of programs to 
calculate the constants of reaction, which describe the chemical activity in the 
mixture, from the experimental and simulated data together. The vibrations 
(Appendix C) at certain frequencies characterized the reactant and products 
involved in the reaction, these are summarized in Table 4-2. These values 
corresponded to vibrations of the functional groups observed in the curing of 
diglycidyl ether of 2,2'-bis(4- hydroxypheny) propane with Triethylenetetramine 
(see reaction scheme in Figure 4-11). 
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4.2.2.1 Transition Moment for Absorption 
To have an absorption, 
Firstly: the radiation must possess the proper energy corresponding to the 
energy difference between the molecular or atomic states. 
Secondly: the transition moment must be nonzero 
The dipole moment a molecule is defined as, ,u=e; r, (4-5) 
Where e is the charge and r is the distance separating the interacting charges in the 
molecules or atoms. 
The expected value of the dipole operator is, ,u= 
ýV,, IVrn, ) (4- 
6) 
Where, yr and yrn are the stationary state wave functions associated with energy 
levels n and m. The square of the transition moment is the actual observable in 
infrared absorption spectroscopy. 
We call the integrated intensity of an absorption band the dipole strength 
D of a transition, which can be determined experimentally as the area under an 
infrared band, plotted in units of molar extinction coefficient versus wave-number 
as, 
D= J(E / v)d v= I(V/,, I, uIV/)I 2 
4.2.2.2 
Data. 
(4-7) 
Conversion of Spectroscopic Data to Quantitative 
A number of overlapping spectra, taken at intervals of time, are shown in 
Figure 4-12. Peaks were selected from the spectrum (see Figure 4-12) to 
determine the state of the cure with time. This was achieved by determination of 
the rates (Figure 4-14 and 4-15) of consumption of the oxirane (see Appendix D) 
ring, the primary amine (Figure 4-13 and 4-16) and appearance of hydroxyl 
(Figure 4-17), along with the disappearance of secondary amines. The increase of 
the tertiary amine was determined using mathematical manipulations. 
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Figure 4-12 Change in spectrum of the mixture over time 
1000 800 
Analysis of graphs in Figures 4-15,16 and 4-17, of plots versus time of the 
ratios P2/P1, P3/P1 and P4/P1 of areas under the peaks P2=1132 cm"', P3=3300 
cm' and the broad peak P4=3350-3400 cml to the area under the reference peak 
at P 1=2970 cm"', were carried out. It was concluded from Figures 4-15,4-16 and 
4-17 that the decrease in ratio of the area under the amine peak to the area under 
the reference peak was three times greater than that of the epoxy/reference areas 
ratio. This result corresponded to the stoichiometric ratio in the mixture, which 
makes a strong case for the abilities of the FTIR technique to produce quantitative 
results. By studying these peaks, it was possible to examine the change in the 
chemical structure over time. 
It was observed that when the increase in the ratio P2/P l peaks for 
hydroxyl OH was compared to the disappearance of the amine, it resulted in a 
factor of 75, but when it was compared to the disappearance of the epoxy, this 
was by a factor of 25. 
71 
Chapter four 
82 
80 
70 
I- 
0 
Quantitative Analysis of Epoxy/Amine Reaction 
__, _ -= ý_ - ýý ,,,, ,ý ýý____ _. ,, ý\ ___ 
60 
ýý- - 
52 'IIII11 
3550 3500 3400 3300 
Wavenumber[ cm-1 ] 
Figure 4-13 Disappearance of the double peak at 3300-3365 cm-1 and the appearance of the 
peak at 3400 cm-' over 24 hours 
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Figure 4-14 Change in the peak at 1132 cm-1 with time for oxirane ring of epoxy. 
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One amine molecule having six active hydrogens, reacted with six epoxy 
rings, and lead to six hydroxyls. From the graphs, the ratios of the areas under the 
hydroxyl peaks to the area under the reference peak was 15 units on ratio axis, the 
ratio of amine to reference was 0.2 units (this lead to a multiple factor of 
15/0.2=75 times larger), and the ratio of epoxy to reference was 0.6 units (giving 
15/0.6=25 multiplication factor). 
4.2.2.3 Results of Concentrations Versus Time 
The ratio A/Aref: is directly proportional to the concentration of the 
absorbing compound in the mixture, where A is the area under the peak of any 
absorbing species and Aref. is the area under the reference peak. According to Beer 
Lambert law, the equation for the absorbance is given by, 
A=4 bc 
Aref = 
ref 'b' 
Cref 
(4-8) 
Where the A is the absorbance of the particular molecule, 4 is the 
extinction coefficient of the absorbing species, b is the thickness of the sample 
studied, by making it the ratio of the A/Aref: 
Abc 
Ratio = 
ref 
bcre 
f 
(4-9) 
Knowing already that 4,4ref, b, Cref are constants where m is a constant that can 
be 
written as, 
m= 
ýb 
ref 
bCref 
(4-10) 
Therefore, Ratio = m. [c]. It can be deduced that the ratio was directly proportional 
to the concentration of the corresponding absorbing group. 
Table 4-1 Data collected by spectrometer following the cure of DGEBA/TETA system. 
P1 = peak area at 2970 cm-', P2 = peak area between 3225 and 3330 cm"', P3 = peak area 
between 3222 and 3595 cm-1, P4 = peak area at 1180 cm-1. 
Time P1 P2 P2/P1 P3 P3/PI P4 P4/P1 
1 182.5156 1039659 0.5696 1888 10.3443 74.8122 0.4099 
2 185.1785 99.9 0.5395 1626.412 8.7829 73.8537 0.3988 
3 182.4937 99.7827 0.5468 1507.752 8.2619 72.3492 0.3964 
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4 178.6828 101.4751 0.5679 1491.136 8.3452 70.9642 0.3972 
5 174.9514 1032891 0.5904 174.9514 8.6699 69.6082 0.3979 
7 169.0834 105.0043 0.621 1570.051 9.2857 67.4895 0.3991 
9 165.8856 105.3186 0.6349 1609.144 9.7003 65.6163 0.3956 
11 164.7974 104.8681 0.6363 1637.309 9.9353 64.3772 0.3906 
13 164.507 102.8217 0.625 1653.045 10.0485 63.2291 0.3844 
15 164.8353 100.4252 0.6092 1660.632 10.0745 62.4361 0.3788 
18 165.7643 96.4593 0.5819 1678.891 10.1282 61.1083 0.3686 
20 166.5 94.5492 0.5679 1676.663 10.07 60.5351 0.3636 
22 167.0409 92.1119 0.5514 1683.314 10.0773 60.0355 0.3594 
25 168.3094 87.7167 0.5212 1694.741 10.0692 59.1852 0.3516 
27 168.9474 86.2382 0.5104 1700.064 10.0627 58.8379 0.3483 
29 169.4772 85.0382 0.5018 1710.385 10.0921 58.2129 0.3435 
32 170.0942 82.1526 0.4851 1728.338 10.1611 57.5749 0.3385 
35 170.5108 79.7237 0.4676 1746.796 10.2445 57.1446 0.3351 
38 171.0461 77.0698 0.4506 1767.034 10.3307 56.2866 0.3291 
42 171.0386 76.4249 0.4468 1795.212 10.4959 55.6882 0.3256 
43 171.1138 74.1152 0.4331 1813.843 10.6002 55.4676 0.3242 
44 171.3134 75.1049 0.4384 1820.418 10.6262 55.1277 0.3218 
45 171.2718 74.0633 0.4324 1828.038 10.6733 55.1224 0.3218 
46 171.227 73.5655 0.4296 1837.047 10.7287 54.8112 0.3201 
47 171.1974 72.9104 0.4259 1847.543 10.7919 54.6213 0.3191 
50 171.2623 71.8993 0.4198 1875.678 10.9521 54.0773 0.3158 
55 171.0441 70.5803 0.4126 1925.675 11.2584 53.2244 0.3112 
59 170.9878 69.7083 0.4077 1969.621 11.5191 52.6232 0.3078 
64 170.5934 67.4693 0.3955 2027.565 11.8854 51.8362 0.3039 
69 170.2977 66.2866 0.3892 2082.265 12.2272 50.9898 0.2994 
74 170.0573 65.7624 0.3867 2143.794 12.6063 50.3238 0.2959 
79 169.6274 63.4634 0.3741 2202.928 12.9869 49.5914 0.2924 
84 169.4815 61.9476 0.3655 2258.877 13.3282 48.966 0.2889 
89 169.4147 60.9891 0.36 2319.586 13.6918 48.3515 0.2854 
99 169.0911 59.1415 0.3504 2442.389 14.4442 47.2638 0.2795 
109 168.9047 57.1566 0.3384 2558.316 15.1465 46.3463 0.2744 
119 168.7875 55.2601 0.3274 2679.256 15.8735 45.3313 0.2686 
129 168.7374 53.5725 0.3175 2775.346 16.4477 44.4103 0.2632 
139 168.6173 50.5807 0.3 2886.182 17.1168 43.726 0.2593 
149 168.9544 49.3324 0.292 2980.7 17.642 42.9689 0.2543 
179 169.405 41.9778 0.2478 3238.131 19.1147 41.3509 0.2441 
209 170.1688 35.3034 0.2075 3457.996 20.321 39.7099 0.2334 
241 171.099 29.2206 0.1708 3644.203 21.2988 38.4882 0.2249 
269 171.5186 23.7411 0.1384 3784.105 22.0624 37.6874 0.2197 
299 172.054 19.4004 0.1128 3903.653 22.6885 36.8132 0.214 
329 172.5932 15.751 0.0913 3989.154 23.113 36.2111 0.2098 
358 172.9286 14.4621 0.0691 4062.513 23.4924 35.5738 0.2057 
424 173.8181 6.6348 0.0382 4233.62 24.3566 
34.6191 0.1992 
484 174.0586 2.3522 0.0135 4270.569 24.5352 33.9791 
0.1952 
619 174.0303 3.1108 0.0179 4329.059 24.8753 
32.7295 0.1881 
1294 173.4994 4.32 0.0249 4332.191 24.9695 
31.2508 0.1801 
1483 172.868 0.2822 0.0132 4283.088 
24.7766 30.7981 0.1782 
1609 172.4614 2.6517 0.0154 4250.585 
24.6466 30.4461 0.1765 
1834 172.5075 1.0386 0.006 
4246.481 246162 30.207 0.1751 
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FYgure 4-15 Ratio of area under epoxy (DGEBA) peak to the area under CH3 peak 
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Figure 4-16 Ratio of area under amine group to area under to reference peack 
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Figure 4-17 Ratio of area under hydroxyl group to area under reference 
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Table. 4-2 Chemical correspondence of the detected peaks, where PA, SA, TA and CN are 
primary amine , secondary amine tertiary amine and C-N bond respectively. 
Frequencies (cm-1) Chemical Interpretation 
1084-1131 Tertiary amineTA, secondary amine SA and CN stretch 
1120 Epoxy 
1184 C-O-C intense and broad wagging of oxirane 
1300 C-N stretch 
1346 1000s of end groups methyl deformation 
1362 Gimdimethyl 
1384 and 1470 Methyl-methylene bending mode (deformation) 
1607 SA lost under PA (scisoring sb), indication of substitution 
1761 C=C stretch of oxirane 
1610 and 1510 Indicates presence of epoxide 
1700-1900 Para substitution 
2200 Looks like C-N 
3300 Weak bifurcated suspect PA symmetric and asymetric stretch 
3300 Broad SA stretch 
3350 Indicates presence ofOH, if it is not bifurcated characteristic of SA 
As can be seen from the following curves concentrations of epoxy, amine 
and hydroxyl are directly visualized, which is the input needed for the software to 
calculate the constants of reaction kl and k2. 
4.2.2.4 Comparison of OFS and Direct Transmission Spectra 
Figures 4-18,4-19 and 4-20, show the overlapping of spectra collected by 
both methods, using OFS or Direct transmission of the infrared beam through the 
sample. As can be seen results at the begging and the end of the reaction are 
similar. 
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Figure 4-18 OFS spectra and Direct Transmission spectra at the begging of the reaction 
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Figure 4-19 OFS spectra and Direct Transmission spectra at the begging of the reaction 
for 
one of the peaks of interest in this study 
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Figure 4-20 OFS spectra and Direct Transmission spectra at the end of cure for one of the 
peaks of interest in this study 
4.3 Conclusion 
This chapter showed that spectral reading (Appendix E) was the key to 
solving problem of the understanding of the progress of the chemical reactions. 
Variations in the intensities of appropriate peaks were monitored and were found 
to vary linearly to the concentration changes of the corresponding chemical 
groups. Consequently relation to the fractional conversion is possible. 
The recorded spectra over the full curing period were examined. It 
involved choosing the chemical groups that exhibits active infrared vibrations 
accompanied by changes in the molecular structure of the mixture. These were the 
ring opening of the epoxy, and the transformation of the primary amine to a 
secondary then to tertiary amines. These were initially assigned using information 
from existing literature 38-42. The selected peaks as assigned by some researchers 
were not good enough to be used in this project, as they dealt with peaks 
satisfying a qualitative study, which is different from the goals of this study. 
Another alternative for the peaks assignment was to investigate the spectra over 
the complete range of the scanned frequencies to record all changing peaks. This 
method was successful and two new peaks were defined to be representative of 
78 
Quantitative Analysis of Epoxy/Amine Reaction 
Chapter four Quantitative Analysis of Epoxy/Amine Reaction 
the changes suspected in the studied mixture. The same peaks were found to be 
applicable in studying other mixtures even the isothermally cured epoxy 
resins/amine systems. 
From the analysis it was concluded that oxirane groups (epoxy groups) 
opened, and formed more additional OH groups. On the other hand the primary 
amine disappeared to cross link with epoxy and formed the secondary amine, 
which in its turn disappeared to continue the cross linking by forming a tertiary 
amine which is the amine bridge between the epoxy chain. From the quantitative 
analysis, the amount of the tertiary amine in the mixture indicated the degree of 
the cure, which was represented by the band 3125 to 2740 cm-1. This showed an 
increase in the absorbance (as was shown in Figure. 4-12). It was found also that 
the continuous band between 3125 to 2740 cm-1, corresponded to an amine. 
A set of frequencies was chosen to follow the development of the reaction. 
Analysis of the data enabled the information on the rate of reaction at any time 
during the cure to be obtained. 
Therefore the objectives of this chapter were successfully met. 
" It was demonstrated that spectra collected by direct transmission of 
infrared beam, through a sample of a DGEBA/TETA mixture inside 
the spectrometer, were similar to the spectra collected by optical Fibre 
Sensor (OFS) linked to a spectrometer. 
" Adaptation of the FTIR method to a quantitative evaluation was 
performed through a new method of processing the data collected by 
the OFS, The form of changes in the concentrations of the reactants 
and products involved in the DGEBA/TETA reaction was plotted 
versus time. 
Now that concentrations changes could be accurately defined, a method to 
describe the reaction giving a full understanding of the chemical activities 
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occurring between epoxy resins and amine hardeners has to be developed. The 
next chapter will concentrate on developing such a method, it will be based on 
chemical kinetics, which determine the equation for the rate of reaction. It will use 
the experimental data from an OFS together with data from simulation to be 
developed for the epoxy/amine reactions. 
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Modeling the DGEBA/TETA Reaction 
to Determine the Rate Equation 
5.1 Introduction 
A methodology for the quantitative evaluation of the chemical reaction 
between DGEBA and TETA was developed. The reactant and product 
concentration changes over time were examined in chapter four, using first an 
FTIR spectrometer, and then the newly developed optical fibre sensor (OFS) 
combined with the FTIR spectrometer, similar results were obtained. 
Concentration changes in the chemical groups involved in the studied material 
were plotted against time. 
The aim in this chapter is to develop an analytical model that can be used 
to determine the rate equations and calculate the constants of the DGEBA/TETA 
reaction. The model should be able to produce values of the constants of reaction 
from the concentration changes over time of a reactant such as epoxy group. The 
objectives will be, 
" To establish a general model for the rate equations of the reactants 
and products from DGEBA and TETA reaction. 
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" Simulate the reaction to predict the changes in concentrations of 
the reactants and products versus time. 
" To correlate the experimental results from chapter four and the 
simulated data in this chapter, to calculate the constants of reaction. 
" To write the equation for the rate of reaction of epoxy resin group. 
The first part of this chapter demonstrates the usefulness of applying the 
kinetics of reaction to the investigated epoxy/amine system. The second part is a 
development and implementation of the new methodology to the DGEBA/TETA 
reaction. It will produce a model capable of dealing directly with the data 
recorded from the FTIR experiment. 
It was important to start the work by briefly demonstrating how 
mechanism of reactions can be modeled by chemical kinetics equations 
5.2 Kinetics of Reactions 
5.2.1 General Rate Equation 
The kinetics of the chemical reactions is used to formulate the chemical 
equations that describe the different paths from the reactants to the products. 
According to Gilhamm43 the Temperature Time Transformation (TTT) diagram 
(see appendix B) can be used in these reactions. Measurement of the exothermic 
temperature will be needed for an application of TTT. The work in this chapter is 
a quantitative study of a chemical reaction described from knowledge of the 
extent of the reaction expected under specified conditions. These studies relate to 
the rapidity with which the chemical reaction occurs, and involve a concept called 
the reaction rate. It provides relevant information about the detailed manner in 
which the chemical reaction takes place. It may suffice to show that the total 
reaction process represented in the stoichiometric equation goes through a 
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particular succession of events. It considers the experimental measurements as 
well as the empirical and theoretical approaches in the interpretation of these 
measurements. 
To express the rate of reaction, which is the speed of the reaction in a 
quantitative manner, a definition of the reaction rate is required to denote the rate 
of change of concentration over the progress in the reaction. Considering the 
hypothetical reaction, in which primary amine P is added to epoxy E becomes 
tertiary amine T, 
E+P=T (5-1) 
Taking place in an ideal closed space, the instantaneous rate of this 
reaction is given by the rate of decrease of one of the concentrations of P, E or by 
the rate of increase of the concentration of T, the expressions can be formulated as 
follows, 
Rate of reaction --d 
[E] 
--d 
[P] 
- 
d[T] 
dt dt dt 
(5-2) 
When another effect apart from the reactants contributes to the reaction at 
a constant temperature, the rate of reaction will then depend on the concentration 
of each reactant species, meaning that the rate of reaction is proportional to the 
concentration raised to a certain power. If a stoichiometric reaction involves A, B 
and C, then the equation can then be written in the following form, 
SA+)6B+yC=AL+, uM (5-3) 
Where q, ß and 7 are the fractions of the reactants concentrations and k, µ 
are the fractions of the products concentrations. 
The rate of a chemical reaction is usually a function of the concentration 
of each reactant, if the rate of reaction is given by, 
1 d[A] 
a dt 
which is proportional to [A] P [B]q[C]r, where a is the fractional conversion 
and, p= order of reaction with respect to A 
q= order of reaction with respect to B 
(5-4) 
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r= order of reaction with respect to C, 
then the n= p+q+r= the overall reaction order, 
Data Analysis 
Translation of this proportionality into an equation requires the insertion of 
a constant of proportionality, k, leads to formulation of the rate of reaction 
equation, 
Reaction rate 
1d [A] 
= k [A] P [B]y [C]" 
a dt 
(5-5) 
This constant k,, is an nth order rate constant at a specified temperature, as 
n is the overall order of the reaction. The magnitude of k,, may be seen as a 
measure of the speed of the reaction. If the concentrations of A, B and C were all 
equal to unity, the reaction rate would be numerically equal to k,, . In the last 
equation (5-5) the left hand side has the dimensions of concentration x (time)-1, 
and the right hand side must have the same dimensions, hence the product 
[Alp[A]9[C], has dimensions, (concentration)'. It follows that the dimensions of 
the nth order rate constant k1z are (concentration)(' x (time)-'. 
The reaction order defined above is in a purely empirical manner, it is 
usually a positive number. If n=1, the reaction is said to be first order, if n=2, it 
is second order and if n=0, it is zeroth order. 
Table 5-1 summarises the agreed assignments by practicing kinetics 559 
where the units of concentration employed is mol dm-3. 
Order of reaction Units of the rate constant Function of 
concentration equal to kt 
0: Zeroth order mol dm-'s-1 x 
1: First order s- Ln { a/(a-x) } 
2: Second order dM3 mol- s- x 
a(a - x) 
3: Third order dM6 mol- s- a2 - (a - x)2 
2a2(a - x)2 
Table 5-1 Reaction order, units of rate constant and function of concentration that equals kt. 
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5.2.2 Integrated Rate Equation 
Data Analysis 
From the above work, the left hand side of the expression (5-5), involves 
the first derivative of the concentration with respect to time. It follows that 
integrating the equation will inter-relate reactant concentration and time, which is 
necessary to determine the reaction order. 
5.2.2.1 First Order Reactions 
Suppose the chemical reaction in the following equation, 
P=T (5-6) 
If the initial concentration of P at to =0 is a, and x is the change in 
concentration as the reaction proceeds. At time t the concentration of P has fallen 
to (a-x) and that of T has risen to x, leading to, 
d(a-x) 
- 
dx 
=kl(a-x) (5-7) dt dt 
This can be rearranged to separate the variables, x and t, to obtain, 
dx 
= k, dt 
(5-8) 
(a - x) 
Integrating each side gives, 
ln(a - x) = k, t +c 
(5-9) 
Where c is a constant of integration identified when t=0, x=0, which gives 
c=-Ina 
The resulting equation will look like the following, 
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- Ina - In(a - x) = 1n{ 
a}= k1t 
a-x 
(5-10) 
In accordance to the assignments in table 5-1 this reaction is first order. 
Equation (5-10) shows that ln(a-x) will be linear function of time, therefore the 
logarithms of the reactant concentration decrease linearly with time. Also, by 
taking antilogarithms of each side we obtain the equation, 
(a - x) =a exp(-k, t) 
Which indicates that (a-x) decreases linearly with time. 
5.2.2.2 Second Order Reactions 
(5-11) 
To consider the integration of the rate equation for the second order 
reaction, it is assumed that the reaction is first order with respect to each of the 
two reactants, E and A, epoxy and amine respectively. Further, it is assumed for 
simplicity that the reaction involves equal proportions of each reactant, and that E 
and A react in the ratio of one molecule of E to one molecule of A. 
The reactant concentrations are shown in table 5-2. 
E A 
t=0 a b 
t=t (a - x) (b - x) 
Table 5-2 Reactant concentrations assignment 
Then the rate equation can be written as, 
A= k2 (a - x)(b - x) dt 
(5-12) 
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Separation of variables as before leads to the relation, 
dx 
= k2dt (a - x)(b - x) 
Data Analysis 
(5-13) 
Considering first the special case where the initial concentration of the 
reactants E and A are equal, such that a=b, then, 
dx 
Z= 
k2 dt 
(a - x) 
(5-14) 
This is easily integrated and using the initial condition as before to identify the 
constant of integration, it leads to the following expression for the integrated rate 
equation, 
1 
-1=k2t (a - x) a 
(5-15) 
Thus in this situation, for the reciprocal of (a - x), the reactant concentration, 
increases linearly with t. 
5.2.2.3 Pseudo-First Order Reaction 
Using equation (5-13), to address the general case, where the 
concentration of E and A are initially unequal, that is if a : P, - b. To integrate this 
equation it is desirable to find constants C and D such that, 
1CD 
may be represented as, - (a - x)(b - x) (a-x) 
(b-x) 
Simple algebra identifies the appropriate constants C= (b - x)-1 and D= 
(a - x)-1, 
so equation (5-13) becomes, 
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1{ dx 
(b - a) (a - x) 
dx 
(5-16) 
Integrating this equation in the same manner as equation (5-8) and 
applying the familiar initial condition to the constant of integration, leads to the 
relation, 
1 
In{a(b - x)} = k2t (b - a) b(a - x) 
(5-17) 
An interesting case arises when b is not simply greater than a, but is very 
much greater, by a factor of 20 or more in the case of the system studied in this 
chapter. Since x can never exceed a, then (b - a) and (b - x) are distinguishable 
from b and so the equation reduces to, 
In{ a}= bk2t 
a-x 
(5-18) 
This has a form similar to equation (5-10) and indicates that under these 
conditions, where A is present in large excess, the concentrations of E should 
decrease exponentially. In other words, this second order reaction now exhibits 
first order characteristics. Furthermore the analogue in equation (5-18) of kl in 
equation (5-10) is called the pseudo-first order rate constant, k2b. This means that 
when a reaction which is kinetically first order with respect to each of two 
reactants is taking place with one reactant present in large excess, the 
concentration of the other will decrease exponentially but at a rate which is 
proportional to the concentration of the reactant in excess. 
5.2.2.4 Nth Order Reaction 
Since the order of a reaction might have any value, it is desirable to 
consider the general case of a reaction of nth order. The rate equation is, 
Data Analysis 
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-I 
d[E] 
= k,, [E]P[T]d, [S]r 
a dt 
Data Analysis 
(5-19) 
Here (p +q+ r) = n, in the case where the various reactants are present in 
stoichiometric proportion, that is the ratio of initial concentration, a; b; c is the 
same as that of the stoichiometric coefficients. a;, ß; y. If these coefficients are all 
unity then we have equation (5-20), 
d [E] 
= k [E]" or 
dx 
= k, t 
(a - x)n dt dt 
(5-20) 
On the right hand side there is a constant involving a;, ß; yq and r. Where n#1, 
this leads on integration to the equation, 
1 
(n -1)(a - x)' 
1= kt 
ýn _ lean-] 
n (5-21) 
A very well known example of this general relationship is the integrated second 
order rate equation (5-15), which was derived above. Another example is the zero 
order equation, 
a-(a-x) =kot (5-22) 
These expressions exemplify the rule in equation (5-21) that for a reaction 
of nth order, with all reactants present in the stoichiometric ratio. The reactant 
concentration to the power (1-n) will vary linearly with time. 
5.3 The Kinetics of the DGEBA and TETA 
Reaction 
Where kinetic data have been obtained for any reaction, it is first 
necessary to determine the reaction order. For the procedures, it is assumed that 
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the experiments have been performed at a constant temperature with 
stoichiometric concentrations of all reactants and that the overall order is n. 
Investigating the integrated rate equations, (5-21), (5-10) and (5-15), if (a - 
x) is linear function oft, decreasing at a constant rate then n=1; and if (a - x)-' is a 
linear function of t then n=2, it should be remembered that this parameter need 
not be an integer and there are, of course, an infinite number of non-integral 
values between 0 and 3. 
5.3.1 The Mechanism 
The reaction under study was a stoichiometric mixture of Epoxy resin 
/Amine system prepared at room temperature, DGEBA (Araldite MY 750), which 
had an average molecular weight < 700, and TETA (Hardener HY 951) was used. 
These were obtained from Ciba Specialty Chemicals Inc. 
The stoichiometric amounts used in this experiment were 46 grams of 
TETA to 186.56 grams of DGEBA. The kinetic equations describing these system 
are given in (5-23) and (5-24). 
E+P k' >S (5-23) 
E+SST (5-24) 
where kl and k2 define constants of reaction corresponding to the two reactions 
R1,,, R2,; involved in this mixture. These are the reactions of the Epoxy (E) with the 
Primary amine (P) and the reaction of the Epoxy with the Secondary amine (S), to 
end up with a Tertiary amine (T). Table (5-3) summarises the reaction activity and 
the amounts of chemicals consumed or produced. 
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Substances 
R1,1 R2,; Amount in 
molecules 
t=to 
Amount in 
molecules 
t 
Concentrations 
Epoxy -1 -1 neO neo-n, s-nc (neO-ns-nt)/v 
Primary amine -1 0 npo n o-ns (n o-ns)/v 
Secondary amine 1 -1 0 ns-nt (n, - nt)/v 
Tertiary amine 0 +1 0 nt nl/v 
Table 5-3- Summary of the DGEBA/TETA reaction activity 
It is assumed, that under appropriate kinetic conditions the following 
reaction will occur in the epoxy-amine mixture. These are, primary amines and 
epoxy, secondary amine and epoxy. On this basis the general equations for the 
rate of epoxy-amine reactions can be written, in terms of the rates of 
disappearance of epoxy groups, disappearance of primary amine groups, 
disappearance of secondary amine groups and appearance of tertiary amine 
groups. 
d [E] 
_ -k, [E] [P] - k2 [E] [s] - -a dt 
d[P] 
_ -k1 [E] [F]--------b dt 
d {S] 
= k, [E] [F] - k2 [E] [S] - -c dt 
d[T ] 
= k2[E] [S] --------d dt 
(5-25) 
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Table 5-3 can be used to translate the above equations to expressions, 
which relate the amounts of epoxy, primary amine, secondary amine and tertiary 
amine at any time over the curing period. The results are described as follows 
dn. do kk 
`+`_k, (n -n -n 
Anro 
-n)+? 
(neo- n-n Xn. -n ---a dt dt vý ýo ,v 
dn, k (neO- n -n 
fln 
-n 
j---------------------b 
dt v 
dns do, k Xnpo k 
=2 
(neo 
-n., -n, -n. º)-? 
(no 
-ns -n, 
Xn., 
-nýý---c dt dt V2 v 
dn, 
- 
k2 (n0 
-n -nr 
Xn 
L-nr 
)---------------------d 
dt V2 
es 
Dividing the equations (5-26-d) by equations (5-26-b) results in, 
dnt 
dt 
_ 
k2 (n. c -n, ) 
_ 
dn, k2 n. ý. 
k2 nt 
dns. kl n pý - ns dný, k, n p0 - ns 
k, 
Tn 
pý - nS 
dt 
Rearranging this ratio will give the following differential equation, 
dnt k2 nt k2 n, 
dns kl n po - ns k, 
ýnpo 
- ns 
Using as integration factor the following expression, 
dnv k2 
exp 
Jk2 
= 
(npo 
- ns 
)-7 
kl 
(npo 
-ns 
(5-26) 
(5-27) 
(5-28) 
(5-29) 
Then arranging the equation (5-28) in the following fashion, by multiplying 
both 
sides by same factor as follows, 
k2 k2 
dnt k2 k2 
(n 
p0 - ns 
ki 
_ 
k2 
(npo 
- ns ki 
n (n 
-nsi -i- - 
n 
n, 
, ti" dn, 
5. 
`PO s %1 
p0 -n 
lZ1 
n -ns s rý 
Which with further manipulations becomes, 
(5-30) 
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_ d L2 k2 
k2 
1 (n 
po - n4 
k, n, _+, 
(n 
p0 - ns) 
k1 n,,. (5-31) dn,. k, 
Integration of both sides results in, 
k2 k2 ('0 
- nsk, n, _f kl 
(npo 
- nsT k, 
1 
n,. dn,,. (5-32) 
The integration of the right hand side of the equation (5-33) requires the 
introduction of a constant of integration C, 
in 
p0 - 
ns kl nt - np0 - ns 
kl ns +n 
p0 -ns 
kl 
kl 
+C 
kl -k 2 
(5-33) 
For the calculation of the values of the C, the initial conditions are set as follows, 
t=0, 
n,. =n, =0 
0=0+ k1 
k1 -k2 
k -k 12 
np0 kl +C 
Substitution of these result in the equation (5-33), will give the value of C, 
k -k 
C= 
- 
k1 
kl 
- k2 
ý 
npp 
ý 
k1 
Replacing the value of C in the equation (5-33) will result in, 
n, n,. +(npo-ns - kl 
kl 
-k2 kl 
kl 
- k2 
n po 
kl 
(n 
p0 
- ns k1 
(5-34) 
(5-35) 
Factorization of the second half of right hand side of the equation 
(5-35) leads to 
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k 
-? 
knk 
to, n, = n, + (n p0 - ns )1( 5-36) kl - k2 
[0Poj 
- ns 
Substituting the above equation of nt in the equation b from the system (5-26) 
gives the differential equation that represents the studied Epoxy resin amine 
system, 
_k ,Z dns 
.kk=1 neo -2n , +(n PO -n 
n1 
,. 
) ' 1- pý 
k 
jJ(n 
p0 - 
Yls. 
) 
(5-37) 
dt v k, -k2 npo - n,. 
5.3.2 Solution of the differential rate equation 
For a numerical solution of the ordinary differential equation (5-37), the 
fourth and fifth Runge-Kutta formulas were used. These formulae do not use 
iterative methods to solve non-linear equations. They are self-starting, not require 
more than the immediate past values of n, s. However several function evaluations 
per integration step are needed. 
In this work the ode45 function was used in the MATLAB program or 
Range-Kutta method in the Qbasic program (appendix G) to solve the above 
equation. To correlate between the experimental concentration of the reactant and 
products involved in the studied system and the simulated data estimated by the 
above model, which based on the kinetics of reaction mechanism, a non-linear 
least squares method was used. This was built on Newton's Gauss method, which 
is briefly described in the following section. 
5.3.3 Solution of the Non-linear Equation by the Least 
Squares Method 
For a function y(x), which is a non-linear function of the coefficient, the 
following procedure is required, called the Newton-Gauss least squares method 
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Assuming that there exists an initial estimate of these coefficients al, a2, a3, ..., a,, 
of a polynomial P(x) and that by adding infinitesimal increments (51, '52, '53, ....., 
5m 
an improved estimate may be obtained. The new value of y, is given by, 
v(x, )+ . [::  (5-38) 
Then it is required, that S, which is the difference between the initial, and the new 
value is equal to, 
s= . v; - y(xi) - 
nr 
i=ý aai 
and has to have its minimum value, a criterion, which is satisfied if, 
as =0, V integer k=1,2, ..... m aSak 
where, 
as O O, )y 
aha k 
= -21 Y; -Y(x; 
) 
i=1 
- as 
.l .l 
aak 
M ýt ay Y ay 
%=1 i=1 
ÖLl ÖQk 
fl 
cly Y; - Ax öa i=1 k 
(5-39) 
(5-40) 
(5-41) 
(5-42) 
The term, y, - y(xt 
), is known as the residual, r;. The expression above is 
a set of m simultaneous equations for the m 
increments 5j, (52,453, ....., 
&. 
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These equations may be obtained by forming a matrix D that contains as 
elements Dl, 1, the value of the derivative , evaluated when x=xi, and a öai 
vector r for which the general element i=y; - y(x; 
The solution to the equation above is given by, 
Aa = 
((D)T (D)Y'(D)T 
having obtained the increments &i, they are added to the original a values, 
a=a+&r, and the procedure is repeated until &a . 
5.4 Results 
(5-43) 
(5-44) 
Figure 5-1 is a plot of the simulated concentration changes over the curing 
period, of the epoxy primary, secondary and tertiary amines. The circles represent 
the experimental concentrations of the epoxy as recorded from FTIR 
spectroscopic measurements from Chapter Four. 
7.7 g of DGEBA epoxy resin were mixed with 1g of TETA amine, and 
this resulted in a sample volume of 7.4 ml. Therefore, the initial concentration of 
the epoxy was 5.57 mol/l and the initial concentration of the amine was 5.55 
mol/l, which corresponded to the stoichiometric mixture. The values for the 
reaction DGEBA and TETA for the constants of reaction calculated by this model 
are, k1= 0.96 mins-1 and k2= 0.68 mins-1. Inputting these values into equation (5- 
37) for a volume of 1 dm3 from the mixture will lead to the following rate of 
reaction equation, 
1- 
0.49 
dns 
= 
0.96 
--0.96 1- 
5.57 0.96 
- 5.5 
2ns + ý5.5 nj " jj(5.5_fls) 
dt 7.4 0.96-0.49 5.57 - ns 
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Figure 5-1 Plot of concentrations changes over time. 
5.5 Conclusion 
In this chapter a method was developed, to use simulated data from the 
kinetic model, and the data collected by the optical fibre sensor (OFS). The latter 
are variations in the IR absorbances, which are due to the changes of epoxy and 
amine groups concentrations. The current method was capable of converting the 
measured concentration changes over time to the two constants of reactions k1, 
and k2, representing the reaction of epoxy/primary amine and the reaction of the 
epoxy/secondary amine respectively. This was achieved by minimizing the 
difference between the experimental data and the result from the simulated model. 
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It is now important to recapitulate the work done in the last three chapters. 
FT-IR spectroscopy analysis was used to monitor the isothermal chemical reaction 
DGEBA/TETA. An Optical Fibre Sensor (OFS) was designed, constructed and 
successfully embedded into a sample for an on-line monitoring of the 
polymerisation. The same results to those obtained using direct transmission study 
inside the spectrometer were obtained. A new method was also developed for the 
determination of the constants of reaction, and writing the equation for the rate of 
reaction. 
The ability of the FT-IR and the FT-IR OFS methods to carry out a 
quantitative study of polymerisation has been demonstrated. It is now time to 
validate this new procedure. A second chemical system will be studied in Chapter 
Six and Chapter Seven, it is the isothermal DGEBA/DMMB-CHA requiring heat 
to cure, the aims of the study will be, 
" To prove that the FT-IR and FT-IR OFS methods could also be 
used to quantitatively study isothermal polymeric reactions. A new set-up 
for monitoring an epoxy resin curing at different temperatures will be 
designed, for direct transmission inside the spectrometer and embedding 
the OFS outside the spectrometer. 
" To validate the obtained FT-IR results, a DSC study of the same 
reaction, namely DGEBA/DMMB-CHA will be carried out, curves of 
fractional conversion for samples curing at different temperature from 
both methods will be produced and compared. 
" To develop a method which can be used for the measurement of 
the glass transition temperature from FT-IR analysis. 
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Differential Scanning Calorimetry for 
Studying the DGEBA/DMMB-CHA 
Reaction 
6.1 Introduction 
Curing of thermosetting materials involves transformation of low 
molecular weight liquids to high molecular weight amorphous solids by means of 
chemical reactions. In this chapter Differential Scanning Calorimetry (DSC) was 
used to validate the results obtained from the infrared spectroscopic sensor 
technique. The first aim is to measure the changes in the glass transition 
temperature and fractional conversion over time of an epoxy resin/amine reaction. 
The second aim is to obtain an equation for the rate of reaction of this 
autocatalytic system. To fulfil these aims the following objectives have to be 
achieved, 
0 To use the DSC technique to study the curing of epoxy resins. The 
procedure to be adopted will be to run DSC scans from -40°C to 
320°C for samples cured at six different curing temperatures. The 
glass transition temperature and the residual enthalpy of reaction 
will be measured from the scans for samples cured for different 
lengths of time. 
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" To calculate the extent of reaction from the measured residual 
exotherm. 
0 To plot the residual enthalpy changes against the glass transition 
temperature for a number of curing temperatures, and obtain 
polynomial to fit the plotted curve. 
0 To examine the chemical conversions of the samples cured at 
specific temperatures. The results correlated to the glass transition 
temperatures. A plot of glass transition temperature against 
fractional conversion was prepared. 
0 To plot the variation of the glass transition temperature with cure 
time. 
" To define a relationship for the rate of reaction. 
0 To calculate the activation energy of the reaction. 
0 To develop a universal plot for fractional conversion against time, 
at all temperatures. 
"A model for the autocatalytic DGEBA/2,2'-dimethyl-4,4'- 
methylenebis (cyclohexylamine) reaction will be proposed. The 
model will be used to calculate the variation of concentrations with 
time. Optimum rate constants will be chosen to describe the curing 
process. 
6.1.1 Chemical System 
The chemical system involved in this study was 
diglycidyl ether of 
bisphenol-A DGEBA (Araldite 256, Ciba Specialty Chemicals) with 2,2'- 
dimethyl-4,4'-methylenebis (cyclohexylamine) (DMMB-CHA) (Hardener 2976, 
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Ciba Specialty Chemicals). The epoxy monomer is a viscous liquid with an 
epoxide equivalent weight of 186.56 g. The amine hardener is a liquid. The 
stoichiometric amine equivalent weight was taken to be 59.5 g. 
6.1.2 Mixing Procedure 
The amine was added to the resin and mixed thoroughly. 10 g of DGEBA, 
were mixed with 3.2 g of amine for every scan. The samples were mixed for 5 
minutes at room temperature for all scans. For the kinetic study the conversion 
during mixing was neglected. The conversion after mixing was found to be less 
than 1 %, by comparing two DSC scans of samples from the same mixture. The 
first was scanned immediately after mixing and the second an hour later. Figure 
6-1 shows the change over 60 minutes, which was found to be less than 5% in the 
transition temperature prior to full cure. 
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Figure 6-1 Superposition of two DSC scans of room temperature cured mixture at two 
different times, 5 and 65 minutes 
For the fully cured resin 
ATg = Toured - Tuncured = 164-(-23) = 187 K 
(6-1) 
For the sample after 60 minutes, 
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ATg = Teo - Tuncured = -16-(-23) =7K 
6.1.3 Experimental Procedure 
(6-2) 
A Perkin-Elmer (DSC-4) instrument was used to measure the glass 
transition temperature, Tg, and the residual exotherm, AH, of materials cured for 
various time periods. 
A small quantity of the mixture (varying from 10 to 15 mg) was poured 
into a small DSC aluminium pan, and sealed with an aluminium lid. The sealed 
samples were cured inside the DSC instrument under continuous nitrogen flow for 
six different curing temperatures (80,100,120,140,150 and 160°C). Curing 
times ranged from 1 minute to 22 hours. 
Each specimen was quenched initially from Tcure to -40°C at a 
programmed rate of 320 °C/min. The sample was scanned from -40°C to 300°C at 
10 C°/min to determine the transition temperature, Tg, and the residual exotherm, 
LHr, of the material. 
A typical DSC scan is shown in Figure 6-2. The glass transition 
temperature, Tg, appeared as an endothermic shift over a temperature interval or 
range. Tg was taken as the midpoint of the interval. The residual exotherm, ZHr, 
appears as an exothermic peak in the temperature range of the rubbery state of the 
material. 
The enthalpy of reaction was estimated by drawing a straight line 
connecting the base line before and after the peak and subtracting the area under 
the baseline from the area under the peak. 
Differential Scanning Calorimetry 
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Figure 6-2 DSC scan on freshly mixed sample as recorded from the Perkin-Elmer 
instrument (DSC-4). 
6.2 Results 
6.2.1 Glass Transition Temperature Tg vs. Residual Heat of 
Reaction 
Figures (6-3a, 6-3b, 6-3c, 6-3d, 6-3e, 6-3f) show the differential scanning 
calorimetry runs of samples cured at 80, 100, 120,140,150 and 160°C 
respectively for different lengths of time. Both glass transition temperature, Tg, 
and enthalpy of reaction, AH, change with time. Tg increases while AH, 
decreases until the reaction is complete. The residual exotherm was used to 
calculate the extent of reaction according to equation (6-3). It can be seen in 
Figures 6-3(a-f) that although, in the later stages of cure, Tg continues to show an 
increases and the residual exotherm is not measurable from the DSC scans. The 
residual enthalpy of reaction becomes very small and difficult to determine 
accurately at high conversion rates. 
- 
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Figure 6-3 (a) DSC scans of DGEBA/DMMB-CHA mixture cured at 80°C for different 
periods of time. 
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Figure 6-3(b) DSC scans of DGEBA/DMMB-CHA mixture cured at 100°C for different 
periods of time 
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Figure 6-3 (c) DSC scans of DGEBA/DMMB-CHA mixture cured at 120°C for different 
periods of time 
1.8 
1.6 
1.4 
1.2 
a) 
E 
o 0.8 
U- 
6 I. 
0.4 
0.2 
n 
rs 
1 hou 
15 mir c 
10mi c 
5 min u 
4minu 
3 min u 
,2 min -, -u 
min u 
fresh) rY 
cure 
; ure 
u re 
ure 
re 
re 
re 
re 
re 
fixed 
50 0 50 100 150 200 250 300 
temperature (C) 
Figure 6-3 (d) DSC scans of DGEBA, /DMMB-CHA mixture cured at 140°C for different 
periods of time 
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Figure 6-3(e) DSC scans of DGEBA/DMMB-CHA mixture cured at 150°C for different 
periods of time 
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In Figure 6-4 the residual enthalpy change is plotted against Tg for 
different cure temperatures (80,100,120,140,150 and 160 °C). The data are fitted 
to a third-order polynomial shown by a solid curve in the Figure 6-5. 
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Figure 6-4 Residual exotherm plotted vs. T. 
Figure 6-5 Polynomial representing the Tg as a function of residual exotherm 
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6.2.2 Fractional Conversion 
Differential Scanning Calorimetry 
The total enthalpy of reaction (zfJ =-102.6 cal/g; of epoxide) was 
determined in a similar way by scanning an initial (uncured) sample. The 
fractional conversion x was quantitatively calculated29 as, 
x=1- 
Ar 
A[I 
T 
(6-3) 
Fractional conversions, x, of resin cured for specified times and temperatures are 
shown in Figure 6-6. The kinetic rate of reaction changed with curing 
temperature. These data are used for the prediction of the chemical conversion 
achieved after any cure schedule. 
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Figure 6-6 Fractional conversion of reaction cured at specified temperatures vs. time 
The chemical conversion during cure of a thermosetting resin can be 
correlated to an increase in the glass transition temperature, Tg. The fact that Tg 
increases nonlinearly with conversion, in cross-linking systems, makes it more 
sensitive in the later stages of cure where the chemical kinetics is complicated. 
Therefore Tg, determined by differential scanning calorimetry (DSC), may be used 
to measure the fractional chemical conversion for an amine-cured epoxy system. 
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The glass transition temperature, Tg, is plotted against fractional conversion and 
the results are shown in Figure 6-7. 
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Figure 6-7 Plotting of Glass transition temperatures vs. Fractional conversion. 
6.2.3 Glass Transition Temperature versus Time. 
The variations of Tg with cure time for the six isothermal cure 
temperatures are shown in Figure 6-8. Isothermal vitrification points (Tg = Tcure)47 
for cure temperatures below Tgý are marked by arrows. It is found that these 
points are on average 90% of the high limiting value of Tg. It is also where the 
reaction rate starts to decrease rapidly to zero, due to diffusion control dominating 
the kinetics. The Tg values after vitrification increase only slowly and level off at 
lower limiting values for lower cure temperatures, and at higher limiting values 
for higher cure temperatures. 
written as, 
For a reaction that is kinetically controlled, the usual rate equation is 
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aýr 
= k(T) x f(x) (6-4) 
Where k(T) is the reaction rate constant, which is a function of temperature only, 
J(x) is a function of conversion, and t is the cure time 
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Figure 6-8 Variation of Tg plotted versus time 
Rearranging equation (6-4), integrating at constant temperature, and taking 
the natural logarithm, 
x 
In J =1n k(T) + ln(t) 
of(x) 
(6-5) 
The left hand side of this equation is function of conversion and, therefore may be 
expressed as a function of only Tg, since Tg was shown to be related to the 
fractional conversion. If Y(Tg) is the left hand side of equation (6-5) then, 
Y(Tg) =1n k(T) + In(t) (6-6) 
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The equation above describes the variation of the glass transition temperature with 
cure time and curing temperature. Therefore, for a particular value of Y(T, ) that 
occurs at time tl when the cure temperature is T1, and also at time t2 for cure 
temperature T2, then, 
Y(Tg)=1nk(T, )+1n(t, )=1nk(T2)+ln(t2 
[ln(t, )-ln(t2)= lnk(T2)-1nk(T, )] 
For any two reaction temperatures, [in k(T2) - In k(T, 
)] 
(6-7) 
(6-8) 
is a constant. 
Therefore, for a kinetically controlled reaction, the variation of Tg with time at 
two different cure temperature (T1 and T2) when plotted as functions of In(time) 
will have the same functional form except that the curve for the cure temperature 
T2 will be displaced from that at temperature Tl by a constant factor. By shifting 
each curve along the In(time) axis by a factor A(T), the experimental results for 
each reaction temperature can be made to coincide with the results at a chosen 
reference temperature. 
The shift factor is given by, 
A(T) = 
[ln(tT )- In (tT) J (6-9) 
6.2.4 Calculation of the Activation Energy 
The temperature dependence of the rate constant is normally given by an 
Arrheniusl1,48 relationship, 
k(T) = Ao expl - 
E/) (6-10) 
All parameters have usual Arrhenius significance and T is in units of absolute 
Kelvin. 
111 
Chapter six Differential Scanning Calorimetry 
Equation (6-8) may be combined with equation (6-10) to obtain an 
expression for the Arrhenius activation energy, Ea. 
In(tref)-1n(tT)=1nk(T)-1nk(Tref)_ - 
Ea 
+ 
E° 
RT RTref 
(6-11) 
When Tref is fixed and all other data are shifted relative to the reference 
temperature (e. g. in the present case, Tref = 140°C), plotting the shift factor 
I. ln(tref )- ln(tT )] against l/T should yield a straight line with gradient -E/R and 
intercept equal to EQ /(RTref ) 
160 
140 
120 
100 
- 80 
rn ~ 60 
40 
20 
0 
-20 
The plot of Tg versus In(t) is given in Figure 6-9. 
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Figure 6-9 Tg versus Ln(time) 
The shift factors in In(time) corresponding to the five remaining curing 
temperatures are plotted vs. 11T in Figure 6-10. The resulting plot is, in fact, a 
straight line. It has a slope given by E/R and intercept equal to E,, /(RT,,, ). The 
activation energy for the reaction is 43.81 kJ/mol. These results also suggest, for 
the present system, that there is only one overall reaction mechanism with single 
overall apparent activation energy. 
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Figure 6-10 In(time) of the five curing temperatures apart from 140°C plotted vs 11T 
6.2.5 Isothermal Time-Temperature-Transformation Diagram 
To understand changes that occur during cure of Epoxy resins/amine 
curing agents systems, the isothermal time-temperature-transformation (TTT) cure 
diagram constructed by Winsarakkit and Gillham (Appendix B), displays the state 
of the material and characterizes the change in the material during isothermal cure 
versus time. 
The different material states can be summarised as liquid, sol glass, sol/gel 
rubber, gel rubber, sol/gel glass, gel glass, and char. The various changes 
occurring in the material during isothermal cure are illustrated by contours of the 
times to reach the events. Particularly relevant contours include molecular 
gelation, macroscopic gelation, vitrification, devitrification and char formation. 
The progress of the isothermal curing process and the state of the material 
can be summarized in terms of these contours in the TTT diagram. Three "critical 
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temperatures" are identified on the TTT diagram: Tgo, the glass transition 
temperature of the uncured sample, geiTg, the temperature at which molecular 
gelation and vitrification coincide, and Tgx, the glass transition temperature of the 
fully cured resin. 
The relationship between the times to reach a fixed Tg, at different cure 
temperatures for a kinetically controlled reaction is given by equation (6-11), 
which was rearranged as follows, 
- 
EQ 
+ ln(tTK 
I) 
Ea 
+ ln(t7) (6-12) RT, RT2 g, 2 
where tTR 
1 
is the time needed to reach a given glass transition temperature Tg, at 
cure temperature TI and tTg 
2 
is the time needed to reach the same Tg at cure 
temperature T2. Thus, if the time to reach a particular Tg at one cure temperature is 
known, then the times to reach the same Tg at different temperatures can be 
calculated from equation (6-12) provided that the activation energy of the reaction 
is available. 
The times to reach a fixed Tg at different cure temperatures when plotted 
as Tcure vs. cure time constitute an iso-Tg line in the TTT cure diagram. When T2 is 
equal in value to the glass transition temperature, the time t, 
K. 2 
calculated from 
equation (6-12) is the time to reach isothermal vitrification. Vitrification points for 
all possible values of fixed Tg when plotted in the form of Tcure vs. cure time, 
constitute the vitrification curve in the TTT diagram. 
For the present system, the reaction is kinetically controlled43 up to the 
vitrification points. Figure 6-6 demonstrates a one-to-one relationship between Tg 
and conversion, over the entire range of Tcure investigated (80-160°C). Figure 6-11 
shows that equation (6-12) can be applied directly to the calculation of the 
vitrification curve and the iso-Tg contours. 
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6.2.6 Fractional Conversion versus Time 
Differential Scanning Calorimetry 
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Assuming equal reactivity of all amino hydrogens, the reaction rate for an 
initial stoichiometric mixture of epoxy and amine can be expressed on a fractional 
conversion basis (x)44 as, 
-= 
(k, eo2 /2)(1- x)2(x+keno /k, eo) dt 
-= k(1- x)2 (x + B) dt 
(6-13) 
Where k= kleo2/2 ,B= 
ken/kjeo, and eo and no are initial concentrations of 
epoxide groups and amine, respectively, kl and k2 are rate constants of the two 
reactions producing secondary amine and tertiary amine respectively. 
This equation corresponds to equation (6-4) "ä_ k(T)x f(x)", in which 
f(x)=(x+B)(1 x)2. The constant B in f(x) is only a weak function of temperature. 
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Rate constants kl and k2 are expected to have similar temperature dependence, and 
thus the ratio will be approximately constant for all temperatures. Equation (6-13) 
is used to analyse the reaction kinetics of the present system by rearrangement in 
the following form, 
ýýt 
=kac+kB (1- x)2 
(6-14) 
The data of the Tg master curve at 140°C in Figure 6-11 are converted into 
a fractional conversion basis through the use of the fitting polynomial shown in 
Figure 6-7. The results are shown as data points on a plot of conversion, x, against 
time in Figure 6-12. These data are used for the kinetic analysis according to 
equation (6-14). The line of best fit to these data points reveals an essentially 
logarithmic relationship. The graph is used to evaluate the reaction rate, dx/dt, 
corresponding to the conversion x. 
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Figure 6-12 Fractional conversion vs. time as converted from Tg vs. time via the fitting 
polynomial of Figure 6-7 
It might be inferred from the unique one-to-one relationship between Tg 
and conversion, which is independent of the cure temperature, the ratio of the rate 
constant for the reaction between the primary amine group and epoxy to that 
between the secondary amine group and epoxy. The relationship could also imply 
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that the activation energies for both reactions are the same. Furthermore, the 
agreement between the experimental data and the results of calculations from the 
assumed kinetics suggests that all amino hydrogens show equal reactivity 
(k2/k1=0.5) or only with a weak negative substitution effect. The analysis shows 52 
that the value of the ratio, k2/kl, is between 0.4 and 0.5. 
The autocatalytic reaction model has been used by other investigators to 
describe the chemical kinetics of a variety of aromatic amine-cured epoxy 
systems29'30,31,35,45,46 It has been found to be applicable over a wide conversion 
range before vitrification. In many investigations, the results for low-temperature 
curing deviated from the kinetic model predictions after vitrification. These 
deviations are expected, as the reactions become diffusion limited after the 
material vitrifies. Few studies have attempted to incorporate the effects of 
diffusion control into the reaction kinetic model. 
6.3 The Autocatalytic Reaction Model for 
DGEBA/DMMB-CHA System 
When Alicyclic di-amines are used to cure epoxy resins at temperature 
above 1 00°C they give excellent heat resistance and high mechanical strengths. 
The low reactivity of the alicyclic primary amine is caused in part by steric 
hindrance caused by the cyclohexyl ring. This conveys an undoubted advantage 
for heat-cure application. 
The following model can be used to describe the reaction mechanism for 
the DGEBA/DMMB-CHA system, 
[E] + [p] kl ý. , [S] 
(6-15) 
[E]+ [S] k2 > 
, [T] 
(6-16) 
Other workers45'46 have established that these reactions are catalysed 
by hydroxyl 
ions. E, P, S and T represent the epoxy, primary, secondary and tertiary amines 
respectively. The rate equations 
for the two reactions are given by, 
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r, = kjE]- [P]. 
[n [EI + [S] + 2[T]] 2 
r2 = 
k2 [E]. [S]. [n [EI + [S] + 2[T]] 2 
Where n refers to the structure shown in Figure 6-13, 
(6-17) 
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Figure 6-13 Schematic diagram of the reactions. 
The table below summarizes the parameters involved in this reacting system 
Substances 
R1,; Ri, 2 Amount 
in moles 
t=0 
Amount 
in moles 
t=t 
Concentrations 
Epoxy -1 -1 2n0 2no-ns-nt (2no-n, nt)/V 
Primary amine -1 0 no no-n, s (no-ns)/V 
Secondary amine +1 -1 0 ns-nt (ns-nt)/V 
Tertiary amine 0 +1 0 nt nt/V 
Table 6-1 Summary of the chemical activities in the DGEBA/DMMB-CHA reaction 
Differential Scanning Calorimetry 
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ns and nt are the extents of the two reactions and V is the volume of the 
material used in this reaction. The rate equations for the reactants and the products 
involved in this reaction are given by the following equations. 
For the primary amine it is, 
d[ 
p] 
I dn,. 
- !_l, k 
(2no 
- n. ý - nj , 
(no 
- n.,. 
) 
, 
(nno + n,. - nl + 2nl) 6-18 dt Vdt ` 1i vVV 
Which may be written as, 
dn. k 
""" dt -V2 
(2no 
- ns - n, 
X no - n,. 
X nno + n, + n, 
Repeating a same procedure for the tertiary amine 
d [T] 
_1 
dnt 
= (+ 1)k2 dt V dt 
(2no 
- ns- n1) 
(no-n, ) (nno + n,. + n1 
VVV 
do k2 (2no 
- n., - n, 
Xno 
- n, 
Xnno + n.,. + n, """ dt =k 
dn, 
= 
k2 n. s - n, _ 
k2 n. s 
k2 
dn, k, no - n., k, no - n., k, 
ft 
no-ns 
The manipulation of the above equations results in a differential equation, 
dn, k2 1 
__ 
k2 
do 
1+ 
kl ' 
no - n., 
n, k1 
ns 
no - fl 
An integrating factor for this differential equation is, 
(6-19) 
(6-20) 
(6-21) 
(6-22) 
(6-23) 
L2 
exp 
fk2 dn_,. 
= exp -? 1n(n0 -ns. 
ý = exp 1n(no - n. ý. 
) 
k 
k, _ (no - n, 
) _ k, 
k kl 
l\0 
(n 
- nsl 
(6-24) 
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Multiplying both sides by this integrating factor gives, 
_k2 do k- k2 -I k _k2 ono - n. º) '`+? ' (no - n., ) , n, =? 'n., ' 
ono - n.,. ) k, dns k, k, 
Differential Scanning Calorimetry 
(6-25) 
The left hand side of equation (6-25) is a complete derivative, and so, 
_kZ d k, 
n, - ono - n., ) dn.,. 
k? 
k2 
' ns. - ono - n., ) 
ki 
k, 
(6-26) 
Integrating the equation above leads to, 
lkZ k2 
. 
'. n, " 
(no 
- ns I ki = k, 
k2 
I J- (no 
- n., 
) k1 dn. S. 
(6-27) 
which may be developed using integration by parts as, 
kz 
kz k2 n, - (no - n, k, 
k_ kz 
n, - 
(no 
- n, 
_kº 
=kk- 
J1. i-(no_n)dn. 
22 
k, 
k kz 
_z 
= n. (no - n.,. 
) ki - 
J(no 
- n,. 
) kl dn,. 
Firstly consider the case when k2 -; z- k1, then direct integration will give, 
k2 
+1 
_k2 
k2 (n0 
- n5) kl 
n, (no-n,. y k, = n, (no - n, 
) k, ++ k2 
1-- 
k, 
Where C is a constant. Since nt =0 when n, =0 
(6-28) 
(6-29) 
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Ik? 
0=0+ n° k' +C 
1-? 
k, 
k, k2 
no k, k, -k2 
Replacing C in equation (6-29), 
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(6-30) 
(6-31) 
k2 k2 
'. n, = n.,. +k' (no - n,. 
)- k' nog-k1 (no - nýýký (6-32) k, -k2 k, -k2 
kz 
-n +kl(no-n. s) _(no-n, 
)ký 
2 noki 
k2 -k1 
k, - k2 no 
The alternative that needs to be considered is when kl = k2, then, 
n, (no -n, 
)' =n,. (no -n,. 
)' 
- 
J(no 
-n,,. 
) ldn,,. =ns(no -n,. 
)-' +1n(no -n., 
)+C 
(6-35) 
Again nt = 0, when ns = 0, 
-. C= - ln(no) (6-36) 
and so, 
n, = n,. + 
(no 
- n,. 
)ln no - ns (6-37) 
no 
In either case, k1 -; z- k2 or kl = k2, the relationship 
between ns and nt may be 
used to obtain a single differential equation of the form, 
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dnS 
= f(ns ) dt 
For both cases described above, 
do 
=k (2n dt V2°- ns - n` 
Xno 
- ns 
Xnno + ns + nj 
That may be solved numerically to obtain ns as a function of time. 
(6-38) 
(6-39) 
The differential equation (6-39) was solved using the Runge-Kutta 
method. The values of ns were used to calculate nt and then the concentrations of 
the secondary amine, tertiary amine and residual concentrations of epoxy and 
primary amine were determined over the curing period. These concentrations are 
plotted in Figure 6-14. 
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Figure 6-14 Plotting of the concentrations of the reactants and products in DGEBA/DMMB- 
CHA reaction 
These curves reveal that the epoxy and primary amine concentrations 
decrease progressively over time. The secondary amine concentration shows an 
Differential Scanning Calorimetry 
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increase in the early stage followed by a decrease as the transformation to tertiary 
amine ultimately dominates the reaction. 
6.4 Conclusion 
Several aims and objectives were claimed at the commencement of this 
chapter. It is now possible to conclude how these targets have been achieved. 
Differential Scanning Calirometry (DSC) technique gave very consistent 
outputs when investigating the energy involved in any reaction. The experimental 
work was a study of the DGEBA epoxy resin mixed to a DMMB-CHA hardener. 
The procedure ran DSC scans for samples cured at six different curing 
temperatures. The glass transition temperature and the residual enthalpy of 
reaction were measured from the scans for samples cured for different length of 
times. For a sample, which was left out at room temperature, there was virtually 
no cure for a period of an hour. 
From the measured residual exotherm and the total enthalpy of reaction 
(102.6 cal/g) the extent of reaction was calculated and plotted. At late stages of 
cure it was found that the glass transition temperature continued to increase while 
the residual exotherm was not measurable any more. 
The residual enthalpy changes were plotted against the glass transition 
temperature for the six curing temperatures, this showed that the six 
corresponding curves were in perfect superposition; therefore only one curve 
could be used to represent the curing system. A third order polynomial determined 
by least squares method was used the fit the plotted curve. 
The chemical conversions of the samples cured at specific temperatures 
were plotted against time. They were correlated to an increase in the glass 
transition temperature, and the fact that the Tg, increases nonlinearly with 
conversion makes it more sensitive in the late stage of cure. Therefore the glass 
transition temperature determined by DSC is used to measure the fractional 
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conversion for the amine cured epoxy resin, by plotting the glass transition 
temperature against fractional conversion. 
The variation of the glass transition temperature with cure time showed 
that the isothermal vitrification points (Tg = Tcre) for cure temperature below Tgý 
were on average 90 % of the limiting value of Tg, where the reaction rate starts to 
decrease rapidly to zero due to diffusion control dominating the kinetics. 
The rate of reaction was defined to be equal to a constant of reaction (only 
function of the curing temperature) multiplied by a function of conversion. 
Rearrangement of this equation lead to a relation describing the variation of the 
glass transition temperature with cure time and curing temperature. From which 
the variation of Tg, with time at two different cure temperatures when plotted 
against the logarithm of time, showed the same functional form, however 
displaced from each other by a constant factor A(T). 
The calculation of the activation energy was carried out using the 
Arrhenius relationship, combined with the equation of rate reaction describing the 
variation of Tg with cure time and curing temperature. Plotting the ln(tref)-ln(tT) 
against the inverse of temperature gave a straight line of a gradient -EQ/R and an 
energy intercept equal to EJ(RTref) leading to an activation energy of 43.81 
Kj/mol for the studied system. 
This work resulted also in determination of a curve of fractional 
conversion change against time. Using the fitting polynomial for the conversion of 
Tg to fractional conversion against time gave a logarithmic curve, from which it 
was evident that the slope toward the end of the reaction tends to level of at value 
approximately equal to 0.95 
Based on the fact that the DGEBA/DMMB-CHA reaction is an 
autocatalytic reaction a model was developed to calculate the constant of reaction 
and hence the knowledge of the rate equation of the system. 
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From DSC scans most of chemical parameters were extracted. In this 
validation work it was possible to achieve a similar conclusion by both methods 
when studying the curing of a DGEBA/DMMB-CHA system. In the next chapter 
a set of results will be used to demonstrate how close are the results from both 
techniques, which prove the ability of FTIR spectroscopy sensor to replace the 
DSC in many useful areas as polymeric materials. 
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Study of DGEBA/DMMB-CHA 
Reaction by FT-IR OFS 
7.1 Introduction 
The effect of temperature on the epoxy resin plus amine reaction has been 
investigated using a FT-IR optical fibre sensor (OFS). Differential scanning 
calorimetry (DSC) data from chapter six were used to verify the FT-IR 
spectroscopy results. This was done simply by comparing two curves of fractional 
conversion plotted against time from the two techniques. 
The reaction between DGEBA and 2,2'-dimethyl-4,4'-methylenebis 
(DMMB-CHA) was investigated using two methods, the first involved 
transmitting an infrared beam through the sample, and the second employed an 
OFS that was embedded into the sample. The intensities of infrared 
electromagnetic waves (4000-400 cm 1) travelling through the sample change at 
some frequencies due to resonance with the vibrations of the bonds in the 
molecular structure of the studied material. A record of these changes was a series 
of infrared spectra representing the complete state of the reaction over time. 
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Much chemical characterisation of polymers remains limited to the early 
and the late stages of the reaction. Fourier Transform infrared spectroscopy (FT- 
IR) is a powerful tool that may be used to study directly the chemical changes 
occurring during the curing process. This technique was therefore used for 
characterisation of an epoxy resin cured with cycloaliphatic amine at different 
temperatures. 
The first section of this chapter describes the methodology used to perform 
a direct transmission study. For this approach the FTIR beam passes through the 
curing sample inside the spectrometer. A subsequent part of this section focuses 
on the development of an optical fibre sensor that could be embedded in a system 
that was curing at elevated temperature. The second section of this chapter is a 
discussion of the results obtained. A comparative study was carried out between 
the findings of the FT-IR and the DSC methods. 
The aim in this chapter was to evaluate the degree of correlation between 
the results from the newly developed technique based on FTIR spectroscopy, and 
the results from the DSC technique. The objectives were, 
0 To perform an FTIR spectroscopic analysis of the DGEBA 
/DMMB-CHA reaction at different curing temperatures. 
0 To carry out at least one complete experiment using the OFS for 
on-line monitoring of the DGEBA/DMMB-CHA reaction. It 
should remain in the sample until cure is complete. Consequently 
the pair of optical fibre cables will be scarified. Their end faces 
will be glued together. Any attempt to separate them will 
damage 
the highly polished surfaces. 
0 To develop a method for comparing the results 
from FTIR and 
DSC techniques, and to evaluate the degree of correlation between 
the two set of results. 
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7.2 Processing Methodology 
7.2.1 Active Group Peaks Detection 
The procedure adopted to process the spectra involved monitoring the 
bands associated with the most active chemical groups in the molecular structure 
of the mixture. This was the epoxy ring that was opened by the coupling reaction 
with the amine. An investigation of spectra obtained for the complete range of IR- 
frequencies, lead to the observation of two new peaks that were assigned to 
changes taking place in the studied mixture. 
7.2.2 Concentration Change versus Time 
For determination of rate of reaction or degree of chemical conversion, the 
Jasco software was used to measure the changes in absorbance over time of some 
IR-frequencies. The absorption due to the C-H stretching frequency at 1603cm"' 
did not change over the curing time. It was used therefore as a reference peak. 
The peak-processing menu was selected from the Spectra Manager tool- 
bar. A detailed view of the peak under investigation was selected as shown in 
Figure 7-1. The software gave values for the peak area by integrating the area 
under the curve defining the selected peak, the baseline and the limiting 
boundaries. Ratios of active peak area to reference peak area were calculated for 
every spectrum collected. Ratios were automatically generated and 
displayed in 
the active box of the peak-processing window. The changes 
in peak areas were 
monitored at regular time intervals by repeating the described procedure 
for every 
spectrum until the curing was complete. 
The data collected were transferred to an excel file and stored 
in a matrix 
for calculation of rate constants kl and k2. 
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The reactants and products involved in this reaction were characterized by 
their vibrations as summarized in Table 7-1. These corresponded to the functional 
groups observed in the reaction of DGEBA (diglycidyl ether of 2,2'-bis(4- 
hydroxyphenyl) propane with 2,2'-dimethyl-4,4'-methylenebis (Cyclohexylamine) 
(DMMB-CHA). 
Figure 7-1 Calculation of the area under the peak 
Peak (cm") Assignment 
3472 harmonic C=O + NH2 
3464 harmonic C=O 
3446-3415 NH2 anti-symmetric 
3389-3330 NH 
3338 NH2 symmetric 
3210 harmonic NH2 
3038 Benzene ring 
2987-2853 CH2 
1603 Benzene ring 
1514 Benzene ring 
1395 and 1377 C-N-C 
1289 and 1275 C-N 
1178,1020 Benzene ring 
1149 C-N-C 
1131 Oxirane ring 
950 Benzene ring 
Table 7-1 Tentative assignments of the main bands of the reaction for epoxy/amine reaction. 
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7.2.3 The Heating Cell Construction 
To cure the sample inside the spectrometer, a cell having a controllable 
heating element was constructed (see Figure 7-2). A high level of thermal 
insulation was incorporated to avoid dissipating heat into the optical 
instrumentation of the spectrometer. A heated cell was designed to fit inside the 
spectrometer chamber. A temperature below 50° C inside the spectrometer 
chamber had to be maintained. 
The choice of materials that could achieve the above requirements was 
limited to ceramic and clay. Both have significantly low thermal conductivity, 
which is lower than 0.2 Wm 1KC1. The design used for machining the ceramic 
block and the clay cylinders is shown in Figure 7-3. 
M" 
"ti 
Figure 7-2 The heating cell used for curing samples inside the spectrometer. 
-a- -ib- 
Figure 7-3 
a- Clay added to increase the thermal insulation 
b- Ceramic of low thermal conductivity to be used as support for the band 
In Figure 7-4, a Mycor cylinder block from a machinable ceramic was 
used as main thermal insulating body, a circular groove was 
designed around the 
central axis of the cylinder for the heating band. A 13 mm central 
hole was 
.,. wü 
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machined in the block to hold the KBr disc carrying the samples to be studied as 
shown in Figure 7-4. A heating band was introduced in that housing, and a 
ceramic paste was applied to fill the remainder of the groove. A clay cylinder of 
20 mm wall thickness was used to surround the ceramic block. Two discs of 
similar thickness were used for the top and bottom faces. 
The electric apparatus shown in Figure 7-4 comprises a programmable 
controller and switch, for setting and maintaining the temperature. A 
thermocouple was placed in the 1.5 mm diameter hole near the central axis of the 
ceramic block. Tests on the completed system were performed and deemed 
successful. Fluctuations in the overall temperature were less than 1 °C over a 
complete curing period. 
.1- -b- 
_ ýs 
-d- -e- -f- 
Figure 7-4. 
a-Machined ceramic block as thermal isolating system, having a heating band housing 
b-The heating band being introduced into the machined housing. The groove is for electrical 
wiring 
c- A 20 mm thick cylinder of clay is used to increase the thermal insulation around the block 
d- A ceramic paste is used to fill the remaining holes after mounting the heating band 
e-The shown circuit is a programmable temperature controller and switch. 
f-The controller is programmed to maintain the desired accuracy in temperature. 
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7.3 Investigation of the Epoxy/Amine Reaction 
under Isothermal Cure. 
7.3.1 Material 
The chemical system involved in this study is the same as that used in 
DSC study of chapter six, it was diglycidyl ether of bisphenol A DGEBA 
(Araldite 256, ) cured with a 2,2'-dimethyl-4,4'-methylenebis (cyclohexylamine) 
(DMMB-CHA), (Hardener 2976), provided by Specialty Chemicals. Inc. 
The chemical structures of the two reactants are included in the reaction 
scheme shown in Figure 7-5. The epoxy monomer was a viscous liquid with an 
epoxide equivalent weight of 186.56 g. The amine hardener was a liquid with an 
amine equivalent weight was taken as 59.5 g. 
CH 0 
CH 
0 
CH-CH O 
_CH3ý -0-CH-CH--CH -O 
3 
O-CH-CH -CH 
2i CH ii2i 3n CH 3 
Diglycidyl ether of bisphenol A (DGEBA) OH 
CH3 CH2 NH2 
NH2 CH3 
2,2'-dimethyl-4,4'-methylenebis (Cyclohexylamine) (DMMB-CHA) 
R1 
RI NH2 + CH-CH-R2 --ý N-CH2 CH-R2 
Primary amine 
0 
Epoxy 
H OH 
Secondary amine 
OH 
RI CH2 CH-R2 
, 
N-CH2 CH-R2 + CH2 CH-R2 R1 -N 
H OH 0 CH2 CH-R2 
Tertiary amine OH 
CH3 CHZ nJf{y 
R2 = CHZ-CH-CH1O 
HZ H 
nCH= 3 
RI= 
CH3 
ýH 
Figure 7-5 Schematic diagram for the DGEBA/DMMB-CHA. 
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7.3.2 Experimental Technique 
The amine was added to the resin and mixed manually (in stoichiometric 
ratio of 10 g of DGEBA, with 3.2 g of amine). The mixing was repeated for every 
curing temperature, and the procedure was carried out in the same manner for 
every sample. For the kinetic study the chemical conversion during mixing was 
neglected, as shown in Chapter Six. 
When the two absorbance spectra shown in Figure 7-6, of a sample cured 
at 100°C for 180 minutes and for 0 minutes, were subtracted the difference 
spectrum shown in Figure 7-7 was obtained. 
100 
%T 
80 
60 
40 '- 
4000 3000 2000 
Wavenumber[cm-1) 
1000 400 
Figure 7-6 Shows two spectra taken at time zero and time 180 mins, when cure is completed 
The absorption bands on the difference spectrum that do not change during 
the reaction, such as the peak at 1603 cm-1, show zero absorbance. Peaks above 
zero correspond to increasing concentration and peaks below zero are due to 
functional groups that decrease in concentration as the reaction progresses. 
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Figure7-7 Difference spectrum between zero and full cure time of the epoxy/amine system 
7.3.3 Cure Monitoring by Direct Transmission 
` The experiment began by introducing a pure 13mm KBr disc into the 
heating cell, which was then inserted into the location provided inside the 
spectrometer (see Figure 7-8). The recorded background spectrum consisted of 
absorbances due to the surrounding media that the infrared beam travels through. 
It took account of impurities in the air, in the optics and the KBr disc. 
Absorbances were calculated by averaging over 16 scanned spectra at a4 cm -1 
resolution. The background spectrum was saved and automatically subtracted 
from every collected spectrum over the curing period. This procedure gave pure 
infrared spectra of the studied materials. 
I 
ý. - 
Figure 7-8 The heating cell is placed into the provided chamber in the spectrometer. 
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Sampling was carried out in the a fume cupboard. The two reactants 
DGEBA and DMMB-CHA were weighed on an electronic balance with a 
resolution of 10 mg. A thin film of mixture was spread on a prepared KBr disc. 
The average time before the disc was placed in the heating cell and inserted into 
the spectrometer was five minutes. 
Interval Measurement was selected from the the Spectra Manager window 
in the Jasco software. The first set of spectra was obtained by setting the 
collection period to 1800 seconds with 60 seconds interval between scans. The 
second set was collected over an extra 9000 seconds period, at an interval of 600 
seconds. Collection of the second set commenced 600 seconds after the first set 
was complete. The entire set was converted from Time-Scan to Standard-Scan 
files, by creating a sub-file for every spectrum. 
7.3.4 Embedding the OFS in the Resin for an On-line 
Monitoring of the Cure. 
An OFS suitable for operating in the infrared range of the electromagnetic 
spectrum was selected. The sensor was linked to the Jasco 410 spectrometer that 
was fitted with a powerful fast Infrared HgCdTe detector (Appendix H). To 
couple the two Chalcogenide optical cables to the spectrometer required an optical 
interface. The detector was cooled in liquid nitrogen to provide a high signal to 
noise ratio. 
The optical interface was made using gold-coated mirrors. A micro holder 
was used to align axially the pair of chalcogenide optical fibre cables at their 
facing ends. A micrometer was used to facilitate the adjustment of the gap. 
When 
alignment was complete, a sample of the mixed resin was poured onto the gap as 
shown in Figure 7-9. 
The micro holder was placed on a heated plate that was controlled 
by a 
mains powered variable transformer as shown 
in Figure 7-10. A thermocouple 
was immersed in the resin close to the sensing area, 
in order to provide the 
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temperature values that were digitally displayed. To ensure isothermal cure the 
heater was switched on and monitored for three hours before collection of the 
spectra commenced. Mixing did not take place until the temperature was 
satisfactory. A sample was poured at the sensing point and data collection was 
initiated. 
-a- 
-b- 
Figure 7-9 Two fibre optics axially aligned 
a- not yet embedded, b- is under experiment, while embedded in the epoxy/amine system. 
_ l:. 
-a- -b- -c- 
_- -_ _ -- <, 
-d- -e- 
f- 
Figure 7-10 Optical fibre set-up for embedding under temperatures ranging from 100 to 
150°C 
a- Shows the complete set-up including the heated plate. 
b-c- Equipment used to carry out the alignment and the gap adjustment is shown. 
d-e-f- Detailed views showing pouring of the mixture. 
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7.4 Results 
Infrared spectra for the epoxy/amine reaction at four different curing 
temperatures were obtained. Figure 7-11 to 7-14 show overlapping views of four 
spectra taken after 0,120,300 and 11400 seconds of curing time for samples 
cured at 100,120,140 and 150°C respectively. 
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Figure 7-11 Overlaying spectra of a sample cured at 100 °C for 0,120,300 and 11400 
seconds. 
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Figure 7-12 Overlaying of spectra of a sample cured at 120 °C for 0,120,300 and 11140 
seconds. 
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Figure 7-13 Overlaying spectra of the sample cured at 140°C for 0,120,300 and 11140 
minutes. 
The broad peak at 3300-3400 cm-1 clearly distinguishes the conversion at 
different curing times. However the peak of major interest in the current study 
corresponds to the epoxy ring vibration at 1131 cm-1. Figure 7-15 is an expanded 
view obtained from a sample cured at 150°C. 
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Figure 7-14 Overlaying spectra of the mixture cured at 150 °C for 0,120,300 and 11140 
minutes. 
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Figure 7-15 Expanded view of the peak at 1131 cm-' for a sample cured at 150°C. 
7.5 Determination of the Fractional Conversion. 
7.5.1 Interpretation of Spectra 
To discuss meaningfully the results from the FT-IR experiments, it is 
important to explain the procedure followed to obtain concentrations changes of 
the reactants from spectroscopic data. 
The most common reference band given by other workers55 using FTIR to 
investigate the epoxy/amine reactions was the C-H stretching frequency 
associated with the aromatic hydrogen in the monomer chain backbones at 1510 
cm"'. It exhibited a very strong absorption and is not involved in the crosslinking 
reactions. Ether bands are usually found between 1000 and 1200 cm-1. Secondary 
amine and hydroxide bands occur at 3300 to 3500 cm 1. As these two absorptions 
are so close to one another the net effect is that they merge into one broad 
absorption peak. The epoxide (see Appendix D) band56 at 915 cm 
1 is a very 
strong absorption. Unfortunately a hydroxyl vibration at the same frequency 
makes it none usable. According to the above findings, none of the bands were 
useful for the current investigation. 
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The vibration of the C-O bond of the oxirane ring was detected at a new 
frequency of 1131 cm 1, which is not affected by other vibrations. It shifted 
gradually to the right toward higher wavelengths as the cure progressed. The 
reference peak adopted in this work was a newly discovered peak at 1603 cm-1. 
This vibration appeared to be characteristic of the benzene ring. 
The Beer-Lambert Law54 relates absorbance (A) to absorptivity (a), 
sample thickness (d), and concentration (c) in the following manner, 
A=a"d "c (7-l) 
Since absorbance is related to concentration, the extent of reaction for 
epoxide groups can be determined. The time dependence of fractional conversion 
was found by investigating scans at different cure temperatures. A formula for the 
calculation of the fractional conversion a was written as follows, 
ýAýl-o (7-2) 
Experimental spectra rarely give zero baseline absorbance. The reference 
band allows this baseline error to be corrected. The practical formula for 
fractional conversion is therefore, 
A1131 
A1603 
t=t (7-3) (A113, 
/1603 
, _o 
A13, and A1603 represent the peak areas for epoxide and reference aromatic 
groups respectively. Curves of fractional conversion of the epoxy resins cured 
by 
DMMB-CHA hardener at the four different temperatures 100,120,140 and 150 
°C are shown in Figure 7-16. 
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Figure 7-16 Fractional conversion for the DGEBA/DMMB-CHA reaction at four curing 
temperatures 100,120,140 and 150°C. 
From the above curves the maximum fractional conversion achieved 
ranged from 93% to 96% for the four curing temperatures respectively. These 
results suggested that there was no side reaction involving epoxide at high 
temperature. However a smaller amount reacted at lower temperature, making it 
impossible to reach 96% conversion at a cure temperature of 100°C. 
7.5.2 Glass Transition Temperature 
The glass transition temperatures of the products as determined by DSC 
are given in Chapter Six. They were correlated to the fractional conversion 
measured using residual enthalpies of reaction. These values of fractional 
conversion were compared graphically with the values of fractional conversion at 
the same curing temperatures found by FT-IR OFS. The results are shown in 
Figure 7-17. 
Both studies show that the reaction stops when the glass transition 
temperature, Tg, of the molecular network, reaches a value close to the curing 
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temperature. A further increase in temperature above the actual Tg, results in a 
new increase of mobility of the reactive groups in the system, and the reaction 
continues until the mobility at the higher temperature becomes low enough to stop 
it. 
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Figure 7-17 Shown is a comparison of the results from the DSC and FT-IR methods 
used to investigate the cure of epoxy/amine system 
As can be seen the results from the two methods are close to each other. 
The presentation is limited to the first half hour of the reaction, where the reaction 
was almost completed. The results from both methods were correlated and can be 
used to obtain one from the other simultaneously. A conversion polynomial can 
be made to switch between them for the specific reaction. 
The glass transition temperatures can easily be deduced from the fractional 
conversion curves, using the fitting polynomial already calculated by the DSC 
technique. A library of these polynomials can be set, it will be used to extract the 
glass transition temperature values from the changes in the extent of reaction 
measured by FT-IR method. 
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7.6 Discussion and Conclusion 
This chapter reports experimental work on a polymerisation reaction using 
FT-IR analysis. The reaction studied was identical to that investigated in Chapter 
Six, namely DGEBA /DMMB-CHA. It was shown that the concentration of the 
reactants and products in the reaction system changed with time. They were used 
to determine the fractional conversion. The results obtained using FT-IR 
monitoring closely paralleled those obtained by DSC analysis. 
It may be helpful to review the major conclusions from Chapter Six. 
Changes in glass transition temperature and residual enthalpy of reaction were 
used to obtain the fractional conversion of an epoxy resin/amine system as a 
function of time. A polynomial was obtained to fit the plotted curve of the 
residual enthalpy changes versus glass transition temperatures. And a plot of glass 
transition temperature against fractional conversion was performed. A universal 
graph was developed that enabled fractional conversion to be obtained as a 
function of time and curing temperature. 
Two experimental procedures were developed using optical fibre sensors 
and FT-IR spectroscopy. The first involved transmitting an infrared beam through 
the sample, and the second employed an OFS that was embedded into the sample. 
The intensities of infrared electromagnetic waves passing through the sample 
changed at some frequencies as the reaction took place. The spectrometer 
recorded these changes. 
In order to cure the sample inside the spectrometer, a cell having a 
controllable heating element was constructed. Infrared spectra for the 
epoxy/amine reaction at four different curing temperatures were obtained. 
Overlapping views of four spectra taken after 0,120,300 and 11400 seconds of 
curing time for samples cured at 100,120,140 and 150°C respectively were 
shown. For the on-line monitoring using the OFS, an assembly for embedding the 
sensor into the sample being cured was prepared. 
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The spectra were processed by monitoring the bands associated with the 
most active chemical groups in the molecular structure of the mixture. These 
bands were associated with the epoxy ring that was opened by the coupling 
reaction with the amine. An investigation of spectra obtained for the complete 
range of IR-frequencies, lead to the observation of two peaks that were assigned 
to changes taking place in the mixture. The absorption due to the C-H stretching 
frequency at 1603 cm-1 did not change over the curing time. It was used therefore 
as a reference peak. However the peak of major interest in the current study 
corresponds to the epoxy ring vibration at 1131 cm 1 
The maximum fractional conversion achieved ranged from 93% to 96% 
for the four curing temperatures respectively. These values of fractional 
conversion were compared graphically with the values of fractional conversion at 
the same curing temperatures found by DSC and recorded in Chapter Six. 
The results from the two methods were close to each other. The analysis 
was limited to the first half hour of the reaction, by which time the reaction was 
almost complete. The results from both FT-IR and DSC methods correlated so 
well that they can be used to obtain one from the other simultaneously. The glass 
transition temperatures can easily be deduced from the fractional conversion 
curves, using the fitting polynomial already calculated by the DSC technique. 
Therefore the achievements were, 
9 An optical fibre sensor to be embedded in a system that was curing 
at elevated temperature was successfully constructed. 
" FT-IR spectroscopic analysis of the DGEBA /DMMB-CHA 
reaction at different curing temperatures proved to be an effective method for 
determining the fractional conversion. 
"A complete experiment using the OFS for on-line monitoring of 
the DGEBA/DMMB-CHA reaction was carried out. It remained in the sample 
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until cure was complete. Consequently the pair of optical fibre cables was 
scarified. 
9 The degree of correlation between the results from FT-IR and DSC 
techniques demonstrated again the power of the FT-IR sensor to measure the 
chemical and physical parameters over the curing period for polymeric 
reactions. 
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8.1 Introduction 
In this project, which is investigating the physical and chemical 
characteristics of DGEBA epoxy resin cured with various amines, knowledge of 
the mechanical properties of the material will be of valuable importance. 
The aim of this chapter is to provide correlation between mechanical test 
results and physical states of the epoxy resin materials defined in previous 
chapters. Originally it was decided to perform mechanical tests for samples cured 
for different lengths of time, and relate the progress in cure to the changes in 
mechanical properties. However due to cost and time this was limited to study of 
fully cured materials. 
Compressive, tensile and thermal conductivity tests were carried out. The 
samples preparation and test procedures are described in Appendix D together 
with the collected data. It is also worth noting that all the equipment used for 
investigating compression and tensile behaviour of the produced material, were 
either new or recently calibrated. 
The studied mixtures were pure DGEBA epoxy resins cured with two 
different amines, namely TETA and DMMB-CHA. These were also studied as 
composites when combined with glass reinforcing fibres. The objectives were, 
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" To compare the mechanical properties of the isothermally and 
exothermally cured resins and composites. 
0 To investigate the effect of reinforcing glass fibres on epoxy resin, 
and determine to which extent results from studying pure resin could be 
used to process composites. 
" To study the effect of curing temperature on the isothermally cured 
resin and composites. 
8.2 Results and Analysis 
8.2.1 Compression Testing 
The compression test data on the DGEBA/DMMB-CHA, and reinforced 
DGEBA/DMMB-CHA specimens, cured at temperatures 100,120,140 and 160 
°C, were analysed and a graph shown in Figure 8-1 was obtained. The fitting of 
plotted curves gave the following equations with a negative slope for both tests, 
F(T) = -0.047T + 74.51 , 
(non-reinforced resin) 
F(T) = -1.052T + 260.36 , 
(reinforced resin) 
(8-1) 
(8-2) 
The fitting equations indicated that for each degree increase in the curing 
temperature, there was a reduction of 47N in the material's resistance to the 
applied compressive force on the non-reinforced DGEBA/DMMB-CHA resin. 
However, the equation for the reinforced resin indicated that for each degree 
increase in the curing temperature there was a reduction of 1052N in the 
resistance of the material to the applied compressive force. This variation 
implies 
that the non-reinforced material was only 20 times less resistant to compression 
force as the glass fibre reinforced sample does. If compared the composite 
materials hardens with a gradient of 22.4 times per 1 
°C, the material gets more 
brittle as the cure temperature rises. This was shown from the FT-IR and 
DSC 
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studies, where the higher curing temperature resulted in structures, which had 
higher glass transition temperature, and therefore resulted in a glassier, stiffer and 
less elastic material. The conclusion to draw from these results is that the 
reinforced and non-reinforced epoxy resins respond differently to the compression 
forces. 
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Figure 8-1 Compressive force versus cure temperature for DGEBA/DMMB-CHA resin with 
and without glass fibre. 
Figure 8-2 shows results of the compression test of non-reinforced matrix. 
The plotted curves for the recorded stress versus strain of specimens cured at four 
different temperatures looked similar. It is also interesting to notice that the 
material cured at 100 °C shows slightly higher compression strength. 
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Figure 8-2 Compressive stress versus strain for DGEBAIDMMB-CHA cured at four 
different temperatures. 
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The compression test results for the DGEBA/DMIMB-CHA mixture 
reinforced with glass fibres are shown in Figure 8-3. The difference in the 
resistance to compression force was large between the two samples cured at 100 
and 160 °C, where the former exhibited higher stress. Two explanations are 
possible, the first is the fact that higher cure temperatures produce the products 
with higher glass transition temperature, resulting in much more glassy and, hence 
stronger material. The second, is that a higher curing temperature results in 
weaker bonding between the fibre glass structures, due to the increase in the 
number of the cross-linked molecules, which reduces the number of free 
molecules that acts as a glue between the glass fibres and the cured molecular 
chain of the resin. The two reason, contribute to the reduction of the compression 
resistance of the specimens produced at a higher temperature, while the lower 
temperature cured specimens tolerate the compression forces by absorbing them, 
which results in a clear deformation of the parts to a barrel shape before the 
breaking point. 
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Figure 8-3 Compressive stress versus strain for DGEBA/DMMB-CHA resin with reinforcing 
fibres cured at four different temperatures. 
It appeared from Figures 8-2 and 8-3, that the fibre reinforced matrix 
resulted in a far stronger material, by nearly a factor of 4 over the non-reinforced 
resin. All non-reinforced specimens exhibited classic barrel shaped distortion and 
no fracture, whereas the entire fibre reinforced specimens showed signs of having 
fractured. 
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The results obtained from testing specimens 
Material testing 
prepared from 
DGEBA/Trietylenetetramine are shown in Figure 8-4, which are very different 
from the earlier results. First there is no effect of curing temperature. The cure of 
this mixture required room temperature and a time of 24 hours to reach a fully 
cured state, implying that the difference between the reinforced and the non- 
reinforced materials is purely due to the fibres glass. 
The material produced by resin and glass fibres shows far better resistance 
to the compressive force, however it does not deform a great deal before it reaches 
the breaking point. While on the other hand the material without fibres in their 
structure exhibited less stress, but withstood a larger deformation before reaching 
the yield point. Therefore the two types of specimens showed a very different 
behaviour under compression. As shown in the graph both epoxy resin and epoxy 
resin based composite have curves following a similar trend with a three-phase 
gradient. An increased Young's modulus of the reinforced specimens and more 
important reduction of deformation. 
The results from the previous chapters can be used to define the change in 
the above parameters over the curing period, which leads to maximum values at a 
full cure. 
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Figure 8-4 Compressive stress against strain for the exothermally cured DGEBAITETA 
resin with and without reinforcing fibres. 
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Ultimate Compressive Strength 
(MPa) 
DGEBA/TETA 49 
DGEBA/TETA reinforced 189 
DGEBA/DMMB-CHA cured at 100°C 66.5 
DGEBA/DMMB-CHA cured at 120°C 65.5 
DGEBA/DMMB-CHA cured at 140°C 66 
DGEBA/DMMB-CHA cured at 160°C 65 
DGEBA/DMMB-CHA reinforced cured at 
100°C 
341 
DGEBA/DMMB-CHA reinforced cured at 
120°C 
230 
DGEBA/DMMB-CHA reinforced cured at 
140°C 
244 
DGEBA/DMMB-CHA reinforced cured at 
160°C 
194 
Epoxy, Silica Filled 160 
Epoxy, Flexible grade 50 
Epoxy Cycloaliphatic 280 
Table 8-1. Experimental values for compression stress compared to literature79 results. 
8.2.2 Tensile Testing 
The specimens from the mixture of epoxy resin DGEBA/DMMB-CHA 
cured at different temperatures 100,120,140 and 160 
°C were subjected to tensile 
tests, as shown in Figure 8-5. 
The plot of the maximum applied tensile force versus cure temperature 
follows a linear equation given by, 
F(T) = 7.775T + 2665.5 (8-3) 
This implies that a slope of 7.775N /1 °C is recorded and suspected to have 
7.775N increase in the resistance to tensile force for 1 
°C increase in curing 
temperature. 
Specimens from the mixture of DGEBA/DMMB-CHA resin reinforced 
with glass fibres, cured at temperatures of 100,120,140 and 
160 °C were also 
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subjected to tensile tests. As shown in Figure 8-5 the plot of maximum applied 
tensile force versus curing temperature follows a linear equation given by, 
F(T) = -124.34T + 25067 (8-4) 
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12 
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y= -0.1261 x+ 25.341 
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Figure 8-5. Cure temperature versus applied tensile force for DGEBA/DMMB-CHA resin 
with and without glass fibre. 
This implies that a slope of -124.34N / 1°C is recorded. Further 
observation of the results indicated that any curing temperature above 100 °C 
reduced the resistance of the material to the tensile force by 124.34N per 1 °C. 
From the above results it appeared that for the non-reinforced specimens, 
that increasing the curing temperature lead to a higher resistance to tensile force. 
However for the specimens, which were reinforced with glass fibres, an important 
reduction in the resistance to tensile force was observed with an increase in 
temperature. Once again further cross linking of the molecular chain resulted in 
less fibre glass filaments bonded to each other, which was due to the reduction in 
the number of linking molecules (free resin molecules). 
It can be concluded from the Stress-Strain curves in Figures 8-6 and 8-7, that the 
glass fibre reinforced DGEBA/DMMB-CHA resin resulted in a far stronger 
material by an approximate factor of 3 over the non-reinforced resin. The 
reinforced specimens showed signs of accommodating more extension before 
failing than for un-reinforced material. However it was observed that the effect of 
curing the glass reinforced resin at 100 
°C resulted in a stronger product than 
curing at 160 °C. 
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Figure 8-6 Tensile stress versus strain for glass fibre reinforced DGEBAJDMMB-CHA resin 
cured at different temperatures. 
Figure 8-7 represents Stress-Strain curves from applying a tensile force on 
specimens from non-reinforced epoxy resins cured at various temperatures. 
Analysis of the curves revealed that the cure temperature did not affect the end 
result as long as the cure reached its end. This is similar to the conclusion made 
from the compression test results. The glass fibres incorporated in the epoxy resin 
improved resistance to the applied tensile force. Therefore the good deformation 
characteristic of the resin when cured at the right temperature added to a solidity 
of the glass fibre resulted in a composite with exceedingly high tensile strength. 
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Figure 8-7 Tensile stress versus strain at different cure temperatures of DGEBAlDMMB- 
CHA resin 
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From Figure 8-8, it can be concluded that the DGEBA/Triethylentetramine 
has better material resistance to tensile force when it is glass fibre-reinforced. It 
can then be interpreted that fibres will resist the applied tensile force as long as 
the bond between fibre and resin is good. The failure point will exceed that of 
non-reinforced resins under same tensile force. 
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Figure 8-8 Tensile stress versus strain for reinforced and non-reinforced DGEBA/TETA 
resin 
Ultimate Tensile Strength 
(Wa) 
DGEBA/TETA 51.6 
DGEBA/TETA reinforced 128 
DGEBA/DMMB-CHA cured at 100°C 64.6 
DGEBA/DMNB-CHA cured at 120°C 76.8 
DGEBA/DMMB-CHA cured at 140°C 78.2 
DGEBA/DMMB-CHA cured at 160°C 74.5 
DGEBA/DMMB-CHA reinforced cured at 
100°C 
230 
DGEBA/DN54B-CHA reinforced cured at 
120°C 
182 
DGEBA/DMIVIB-CHA reinforced cured at 
140°C 
184 
DGEBAIDNPvIB-CHA reinforced cured at 
160°C 
90 
Epoxy resin Novolac 69-121 
Epoxy, Flexible grade 40 
Epoxy Cycloaliphatic 70 
Table 8-2. Experimental values for tensile stress compared to literature79 results 
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8.2.3 Thermal Conductivity Tests 
Material testing 
The tests carried out to define the thermal conductivity (K) of the 
produced specimens, revealed an important difference in the value of K when the 
resin was cured at different temperatures. These results were made for comparison 
purposes, to investigate the effects of the curing temperature and fibre reinforcing 
on the thermal properties of the products. The equipment used was designed for 
metallic materials, and it does not seem to be calibrated to analyse polymeric 
materials. Therefore a preliminary experiment was carried out to define the 
conditions under which the results from this equipment could be valid for a 
polymeric material. Despite the small number of points collected to make the 
above analysis, a conclusion could be made about the difference the cure 
temperature could make on the thermal characteristic of the final product, but not 
to make a measurement of the thermal conductivity. 
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Figure 8-9 Results of thermal conductivity test carried out on cured DGEBAIDMMB-CHA 
resin with and without reinforcing glass fibres. 
It is clear from the plot shown in Figure 8-9, that the specimens cured at 
lower temperatures show a better thermal conductivity, which is higher than that 
of specimens cured at higher temperatures. The effect of the fibres inside the resin 
matrix makes the difference between the extreme temperatures less important than 
in the un-reinforced resin, which explains again the earlier conclusion, the glass 
170 
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fibres do not respond to the change in the temperature. Therefore, the less resin is 
contained in the produced composite, the lower the thermal conductivity is. The 
slope of K versus curing temperature of the non-reinforced resin is more 
important as can be seen form Figure 8-9. 
Consequently results obtained from studying pure epoxy resin are not the 
same as results found studying epoxy resin based composite. 
8.3 Conclusion 
" Curing The DGEBA epoxy resin using two different hardeners, 
namely TETA and DMMB-CHA, proved to produce totally different 
materials. The DGEBA/DMMB-CHA system, which is isothermal, 
appeared to possess higher mechanical properties over the DGEBA/TETA 
system by a factor of around 2. 
" Tensile and compression tests showed that stress against strain 
curves for non-reinforced resins cured at different temperatures were very 
similar. However tests results for the glass reinforced material were 
different. The sample cured at 100°C possessed higher resistance to the 
tensile force, it is `more rubbery' inside the matrix structure. At this cure 
temperature an improvement in mechanical strength could be quantified as 
being in the order of 25-30% over the other samples. Due to the fact that 
with higher curing temperature, higher extent of reaction is achieved, 
therefore the material is stronger. A second reason is that the higher the 
extent of reaction is the more molecules in the polymeric chain cross link, 
hence less free bonding molecules were left to attach the glass fibre 
filaments to the resin matrix. 
" For the non reinforced resin, analysis of the curves revealed that 
the cure temperature does not affect the end result as long as the cure goes 
to its end, and the entire specimens express same result. 
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" Form both tests on the DGEBA/TETA resin it appeared that the 
fibre reinforced matrix resulted in a stronger material by an approximate 
factor of 4 over the un-reinforced resin. However deformation or extension 
recorded before elastic limit can be interpreted as being more ductile in the 
case of the un-reinforced specimen. The products here are very different 
from the earlier results. First there is no effect of curing temperatures, 
implying that the difference between the reinforced and the non-reinforced 
materials, is purely due to the fibres glass. 
" Specimens cured at lower temperatures show a more interesting 
thermal conductivity, which is higher than that of specimens cured at 
higher temperatures. The effect of the fibres inside the resin matrix makes 
the difference between the extreme temperatures less important than in the 
non-reinforced resin. The slope of the thermal conductivity (K) versus 
curing temperature of the non-reinforced resins is more important, 
therefore the study of the epoxy resin does not represent the composites 
based on epoxy resin. Another conclusion is that the higher curing 
temperature is, the more heat resistant the material will be. Thus the more 
important the glass transition temperature is the higher the product can 
survive under elevated temperature conditions. 
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Conclusions 
9.1 Introduction 
Over the many applications available to the composite materials, the 
processing stage under full control of the condition leading to the desired 
properties has not been achieved yet. Most of these conditions lie behind the final 
molecular structure of the final product, which can be altered by manipulation of 
chemical reactions leading to the product. 
The aim in this chapter is to summarise the experimental procedures 
adopted in developing the optical fibre sensor to be embedded in composites for 
an intelligent processing of composites curing. Results obtained from 
investigating reactions occurring over polymerisation involved in making 
composite materials were presented. A processing method for the signals from 
this new sensor was also developed. 
9.2 Discussion 
A number of Non-Destructive techniques (NDT) used for monitoring the 
epoxy resin cure were examined. These were classified in two categories, one that 
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studied at the macromolecular activity of the resins. And the other was related to 
the molecular changes within the polymeric chain. As a result, this review 
revealed that a more consistent technique in monitoring the curing of epoxy amine 
system was FT-IR spectroscopy. 
The main aim of the work carried out in this thesis was examination of the 
possibility of embedding optical fibre sensors based on FT-IR spectroscopy into 
composite materials for an on-line monitoring of the curing process. The different 
stages of this investigation are summarised in the following, 
9.2.1 Design and Construction of the OFS 
The important part of this thesis was the design and construction of a 
sensory system based on optical fibres, which permitted exploration of the 
DGEBA/Amine reactions by FT-IR spectroscopy. The laws governing the 
transport of electromagnetic waves in an optical wave-guide were reviewed for a 
correct selection of the mode of optical guidance to work with. The most suitable 
optical wave-guide material for transmission of the IR electromagnetic waves was 
chosen to be Chalcogenide optical fibre. It was necessary that the transmitted light 
falls inside the critical angle cone of the receiving optical fibre. 
9.2.2 Direct FT-IR Transmission to Study DGEBA/TETA 
A beam of Mid-infrared radiation was transmitted through the sample. The 
transmitted spectra were collected over the curing period at a regular intervals 
depending upon the shortest time needed to register a significant change in the 
form of the spectrum. The infrared absorption generally corresponds to discrete 
vibrational transitions in the ground electronic state. The change in energy of 
these vibrations upon interaction with the transmitted radiation was the origin of 
the vibrational spectrum. 
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9.2.3 OFS to Study the DGEBA/TETA Reaction 
In the indirect transmission process, the OFS based on a pair of 
chalcogenide optical fibres was embedded into the DGEBA/TETA system was 
used. A new idea was applied to set up the sensor. It involved the alignment and 
embedding of the optical fibre in the investigated sample. It is also necessary to 
adjust the gap between the end faces of the two optical fibres used in the sensor, 
and to search for the optimum thickness of the studied material. It was found that 
the ideal thickness should lie between 20 and 30 microns. Mid-infrared band of 
radiations was sent through a sample deposited at the sensing point. At planned 
intervals of time during the cure process spectra were collected. 
9.2.4 Data Processing Methodology 
The recorded spectra over the curing period were investigated. This was 
carried out by monitoring the peak representing the ring opening of the epoxy. 
The changes were detected in the area under this peak, which was varied 
proportionally to the reaction progress. Proof of the proportionality of these 
changes to the concentration was given, which was also proportional to the 
fractional conversion. 
The kinetics of a chemical reaction was used to quantitatively study the 
chemical reaction described by the knowledge of the extent of reaction expected 
under specified conditions. From the recorded changes in concentrations the speed 
with which the chemical reaction occurs was determined. It considered 
both 
experimental measurement and empirical approaches for the 
interpretation of 
these measurements. A mathematical development based on Range-Kutta theorem 
and non-linear square Gauss-Newton formula was used to solve the simultaneous 
equations describing the correlation between the experimental and 
the simulated 
data. 
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9.2.5 Constants of Reaction Determination 
The data were initially in a form of spectra representing the variation in 
the absorbance of an investigated active group from the molecular chain, in this 
case epoxy, or amine groups. These were converted to changes in the 
concentration of the reactants. The developed model was capable of calculating all 
the chemical parameters of the investigated reaction. This was based on 
converting the measured variations into concentrations over the curing period to 
the two constants of reactions k1, and k2, representing both the reaction involving 
the epoxy and the primary amine, and the reaction of the epoxy and the secondary 
amine respectively. It was mainly achieved by minimizing the difference between 
the experimental data and the results from the simulated model. 
9.2.6 Validation of the Novel FT-IR OFS Technique 
The work in chapters six and seven were carried out to validate the newly 
developed method based on FTIR spectroscopy. The DSC technique was chosen 
to study the same reaction namely DGEBA/DMMB-CHA. A comparison of the 
results from both methods has also been carried out. 
9.2.7 DSC Study of DGEBA/DMMB-CHA Reaction 
The DSC experiments measured the changes occurring to the glass 
transition temperature versus enthalpy of reaction, to end up with fractional 
conversion versus time for DGEBA/DMMB-CHA system. The glass transition 
temperature and the residual enthalpy of reaction were measured from the DSC 
scans for samples cured for different length of times. The residual enthalpy 
changes were plotted against the glass transition temperature 
for six curing 
temperatures. 
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9.2.8 Direct FT-IR and OFS to Study the DGEBA/DMMB- 
CHA 
FT-IR spectroscopic analysis of the DGEBA/DMMB-CHA reaction at 
different curing temperatures was performed by direct transmission of the infrared 
beam through the sample inside the spectrometer once, and using the OFS for an 
on-line monitoring of the reaction outside the spectrometer. The results from both 
FT-IR direct and indirect experiments were the same. 
Direct transmission of Mid-infrared radiation, was performed through the 
DGEBA/DMMB-CHA system, that was spread on a Potassium Bromide KBr 
disc. It was placed inside the heating cell and immediately into the spectrometer. 
An infrared beam was transmitted through the sample. Spectra were collected 
over the curing period at regular intervals for each of the four temperatures. 
The on-line monitoring experiment was carried out on the same system, a 
set-up was needed to monitor the cure at elevated temperatures. The optical fibre 
sensor was embedded in a similar manner as for the exothermic reaction. The 
designed micro-holder was laid on a heated plate controlled by a variable 
transformer plugged to the mains. A thermocouple was immersed into the sample 
close to the sensing point (about 1-2 mm). 
9.2.9 Mechanical Tests 
Compressive, tensile and thermal conductivity tests were carried out on 
two different systems. These were, a pure DGEBA epoxy resins that was cured 
with two different amines, namely TETA and DMMB-CHA. They were also 
studied as composites when combined with glass reinforcing 
fibres. 
This study was performed to compare the mechanical properties of the 
isothermally and exothermally cured resins and composites. To 
investigate the 
effect of reinforcing glass fibres on epoxy resin, and 
determine to which extent 
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results from studying pure resin could be used to process composites. And also to 
study the effect of curing temperature on the isothermally cured resin and 
composites. 
9.3 Summary of the Results 
9.3.1 Selection of FT-IR as a Fundamental Analysis Method 
Fourier Transform Infra-Red (FTIR) spectroscopy technique was proven 
capable to measure the change in the concentrations of the reactants and products, 
over the progress of the reaction. The kinetics of chemical reactions was used to 
translate the produced data to extents of reaction and fractional conversion over 
time. 
9.3.2 Study of the Isothermal and Exothermal Reactions by 
FT-IR Spectroscopy 
Experiments were carried out on two different epoxy/ amine systems, 
which were studied separately. The first system was DGEBA/TETA, which is an 
exothermal reaction requiring a cure at room temperature. It was studied to 
demonstrate the ability of the FT-IR and the FT-IR OFS methods to carry out a 
quantitative study of polymerisation reactions. A second reaction that was studied 
was the isothermal DGEBA/DMMB-CHA. 
This was studied, to prove that the FT-IR and FT-IR OFS methods could 
also be used to quantitatively study isothermal polymeric reactions. To validate 
the obtained FT-IR results by a DSC study on the same reaction and compare the 
results. And to develop a method which measures the glass transition temperature 
from FT-IR analysis 
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9.3.3 Design and Construction of the OFS 
Chalcogenide optical fibre type was selected for the construction of the 
OFS sensor, it was tested successfully in transmitting the infrared electromagnetic 
waves. 
The OFS was designed and successfully constructed. It was embedded into 
composite for a real time monitoring of the curing process. A new simple 
alignment rig for the optical fibres was constructed, which could also control the 
thickness of the sample under study. 
9.3.4 Determination of Chemicals Concentrations Changes 
from FT-IR Spectra 
A novel model to define the chemical structure of the epoxy/amine was 
developed, which was capable of following the network cross-linking through the 
curing process. 
Careful analysis of the collected spectra, lead to discovery of new peak for 
monitoring the opening of the epoxy ring, at 1131 cm I. It was a combination of 
the ether group overlapping with the epoxy. A method for separation of the effect 
of the two vibrations was developed, since the number of the ether groups does 
not change over time. It is worth noting that according to the existing literature 
there is no peak characterising this group, that can safely be used to predict the 
variation in the concentration of this chemical over its curing period. 
9.3.5 Modelling of DGEBA/TETA Reaction 
A model for the reaction mechanism was proposed to simulate the reaction 
and predict the change in the concentrations over the cure process. An initial 
estimate of constants of reactions based on findings from the literature was 
employed. A refinement technique for the accuracy of the values of the 
first 
estimated constants of reactions was developed. It used the experimental results 
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from the FT-IR technique, which were correlated with the simulated results to 
correct the values of the constants of reaction, this lead to knowledge of the rate 
equations. When this method was utilised to study the DGEBA/TETA reaction it 
was possible to calculate the changes in the concentrations of the reactants 
involved in the investigated reaction. This was based on converting the measured 
variations in concentrations over the curing period to two constants of reactions 
k1, and k2, representing the reaction involving the epoxy and the primary amine 
and the reaction of the epoxy and the secondary amine respectively. It was 
achieved by minimizing the difference between the experimental data and the 
result from the simulated model 
9.3.6 Determination of k1, k2 and the Rate Equation 
Mixing 7.7 g of DGEBA epoxy resin with 1g of TETA amine resulted in 
a sample volume of 7.4 ml. Therefore, the initial concentration of the epoxy was 
5.57 mol/1 and the initial concentration of the amine was 5.55 mol/l, which is the 
stoichiometric mixture. The values of the constants of reaction for the DGEBA 
and TETA reaction were k1= 0.96 mins-1 and k2= 0.68 mins-1, which results in the 
following differential rate equation. 
dn., 5.57 
Y2 
=0.13 5.5-2ns+(5.5-n. ß)"2 
1- (5.5 - n,,. 
) 
dt 5.57 - n,. 
9.3.7 Reactants and Products Concentration Changes versus 
Time 
Adaptation of the FT-IR method to a quantitative evaluation of 
concentrations was successfully performed, through a new method of processing 
the data collected by the OFS. Changes in the concentrations of the reactants and 
products involved in the DGEBA/TETA reaction were plotted against 
time. 
Spectra collected by direct transmission 
inside the spectrometer of an infrared 
beam through a sample of a DGEBA/TETA mixture, were similar 
to those 
collected by Optical Fibre 
Sensor (OFS) operating outside the spectrometer. 
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9.3.8 DGEBA/DMMB-CHA Reaction was Studied by DSC 
The six curves of residual enthalpy changes plotted against the glass 
transition temperature were in perfect superposition; therefore one curve could be 
used to represent the curing system. A third order polynomial determined by least 
squares method was used to fit the plotted curve. 
The plotted chemical conversions against time of a samples cured at 
specified temperatures were correlated to an increase in the glass transition 
temperature. Therefore the glass transition temperature determined by DSC was 
used to measure the fractional conversion for the amine cured epoxy resin, by 
plotting the glass transition temperature against fractional conversion. 
The activation energy was calculated using the Arrhenius relationship, 
combined with the equation of rate reaction describing the variation of Tg with 
cure time and curing temperature. Plotting ln(tref)-ln(tT) against the inverse of 
temperature gave a straight line of a gradient -EJR and energy intercept equal to 
Ec/(RTYe) leading to an activation energy of 43.81 Kj/mol for the studied system. 
A curve of fractional conversion change against time was also determined. 
Using the fitting polynomial for the conversion of Tg to fractional conversion 
against time gave a logarithmic curve, from which it was evident that the slope 
toward the end of the reaction tends to level of at value approximately equal to 
0.95. 
9.3.9 Using FT-IR and FT-IR 
DGEBA/DMMB-CHA Reaction 
OFS to Study the 
Direct FT-IR and FT-IR-OFS were used to follow the exothermal reaction 
at temperatures of 100,120,140,150°C. 
Concentration of the reactants and 
products in an epoxy resin/amine system changed over 
time. Results from the 
study of these changes 
by FT-IR technique were found to vary proportionally to 
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the reaction conversion. Proof of the direct proportionality of these changes with 
the concentration was given. 
9.3.10 Comparison of the Results from DCS and FT-IR 
Plotting the graphs from both methods on one figure was the technique 
adopted for comparing the results from FT-IR and DSC. The degree of correlation 
was satisfactory. Firstly the mathematical pattern of the fractional conversion 
against time curves from the two techniques was the same. Secondly values of 
fractional conversion at certain point in time were equal, and the extreme 
differences at most distant points were within 10% of the maximum fractional 
conversion. 
9.3.11 Comparison of the Mechanical Properties of the 
Pure Epoxy Resin and Fibre Glass Reinforced Epoxy Resin 
The major observation from the mechanical tests was that the fibre 
reinforced epoxy resins were harder when cured at high temperatures such as 
160°C. However samples cured at 100°C showed more interesting characteristics, 
due to the resin state's `more rubbery' inside the structure of the matrix. This 
could be useful to improve the bonding between the glass fibres. 
The higher the cure temperature the more heat resistant the material 
became. Thus the resistance of the material to higher temperatures increases with 
the glass transition temperature. Further cross linking of the molecular chain 
resulted in less fibre glass filaments bonding to each other, due to the reduction in 
number of linking molecules, that glued the glass fibers. 
Incorporation of the fibre glass in the epoxy resin renders the thermal 
behaviour of the material totally different from the pure epoxy resin. The slope of 
the thermal conductivity K versus curing temperature of the pure resin is more 
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important. Therefore study of a non-reinforced epoxy resin did not represent the 
epoxy resin based composites. 
9.4 Overall Conclusions 
The optical fibre sensor was successfully designed, constructed and 
embedded in the epoxy /amine system to monitor the progress of the reaction over 
the polymerization stage. The results were translated into parameters not usually 
obtained when using FT-IR spectroscopy. These involved the translation of the 
measured changes in chemicals concentrations to fractional conversion, which 
further might be translated into glass transition temperature of the cured material 
via a fitting polynomial, produced from the DSC study. 
Results from FT-IR spectroscopic analysis were compared to the DSC 
results when studying the same reaction, namely DGEBA/DMMB-CHA. They 
were found to be close to each other, proofing the reliability of the OFS based on 
FT-IR for on-line monitoring of the processing of composite materials. 
From mechanical tests it was found that fibre reinforced epoxy resins were 
harder when cured at high temperatures. And the more important the glass 
transition temperature was the better resistant to temperatures the product was. 
However the lower the cure temperature was (100°C in this work) the higher were 
the compression and tensile strengths. The non-reinforced epoxy resins were 
found to be better heat conductors than fibre glass reinforced epoxies. 
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Recommendations 
A number of additional areas of work will be needed to complement the 
current research. The aim in this chapter is to provide some suggestions for further 
investigations to utilise FT-IR method for the processing of polymers. New ideas 
to extend the construction of OFS sensor for industrial purposes are given. 
10.1 Sensor to be Implemented in Resins Cured in an 
Autoclave 
The sensor can be used for monitoring the curing process in autoclave 
conditions involving high temperature and pressure. This has not been possible up 
to date, due to many reasons such as non-availability of a sensor, capable of 
operating inside the autoclave. A state of the art embedded sensor will also allow 
the monitoring of the composite behavior during its operating life; when subjected 
to the most critical environment. 
10.2 Experiments to Define the Temperature Gradient of the 
Cure in Autoclave Conditions, 
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Thermocouples on the surface, inside and outside could be embedded into 
a neat epoxy /amine once, and into a composite in a second experiment. The data 
obtained should lead to the refinement of a finite element model, which will make 
a three dimensional (at any point in the volume occupied by the material) 
prediction of the temperature during the period of cure. 
10.3 Strain Gauge to Measure the Change in Mechanical 
Properties over the Curing Period (Stress and Strain). 
Samples can be shaped in sheet form from neat epoxy resin cured with 
amine. These measurements can be taken at different levels of cure, immediately 
after solidification starts to take place, when the test piece should be sufficiently 
solid to stand the tests. The gauge will have to be placed in the desired position 
and orientation immediately after the piece is moulded. This will create good 
adhesion of the gauge to the sample. This experiment will give an insight into 
how the mechanical properties develop with the progress of the cure. Parallel 
spectroscopic measurements can be carried out on the same mixture. Correlation 
between mechanical data and spectroscopic data has to be based on what happens 
in both techniques at same stage of cure. The mechanical tests can also be carried 
out on samples made from neat epoxy resin, which will be cured using one of the 
selected amines. Then a sheet of same dimension of composite produced matrices 
reinforced by glass fibres can be investigated in similar way. Strain gauges will 
be 
used to measure Young's modulus and Poisson's ratio. 
10.4 Detection of Active Peaks and Assignment to the 
Reactants and Products 
A program should be developed to scan through the 
frequency data, and 
calculate these differences between the absorbance at 
two frequencies. Then 
compare the difference calculated 
between two preceding values. If the signs of 
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the two differences are opposite this will indicates a change in the direction 
between these values, the value of the intermediate frequency is selected and 
saved in an increasing order. The accuracy of this method will depend on the 
resolution used to calculate the difference. 
10.5 Statistical Study to Define the Most Appropriate Peak 
to Monitor the Chemical Reaction of Curing Polymer. 
A new approach will be the analysis of results using a statistical study. 
This can be based on classical and quantum mechanics theory, which should 
provide powerful tools to relate the changes in the absorbance at different 
frequencies to the corresponding chemical bonds. This could be linked to physical 
behaviour inside the molecule and thus provide a prediction of the kinetics of the 
chemical reactions during the curing process. 
The methodology in this study focuses on the extraction of data from 
molecular vibration spectra produced by the FT-IR spectrometer. Data of interest, 
in this novel procedure, are the frequencies at which sensible change is recorded 
in the intensity of the electromagnetic wave. This change will correspond to the 
number of molecules vibrating at this frequency, from the knowledge of the initial 
number of molecules in a certain volume of epoxy/ hardener at beginning of cure, 
plus consideration of the number of reacting molecules being negligible at the end 
of the reaction. A prediction of the rate of reaction at any time during the cure 
may be possible. 
Vibrational energy simulation from classical and quantum mechanics can 
be carried out. This has to be based on mathematical simulation of the change in 
the reaction of epoxy with amine and may be measured using a set of 
mathematical equations of the change in the spectra over time (curve of changes 
in intensities versus time for each frequency increments by 1 cm 
1). This 
simulation may be used to predict the spectrum of the 
final product. This can be 
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correlated with the mechanical and chemical states (structural network) of the 
studied material, which could be predicted in the first part of this analysis. 
10.6 Finite Element Method to Describe the Temperature 
Distribution 
Study of the gradient of temperature by a finite element approach could 
make prediction of temperature at any time and location in the studied material. 
10.7 Other Materials and Technologies Can be Used 
1-Using a filter on the end face of a single optical fiber to select only one 
frequency of 1135 cm 1 to pass through and reach the detector. The detector at the 
other end could be used to measure the changes in the intensity of the light 
compared to an initial background 
2-Testing different sorts of cheap fibre optic cables, and monitor their 
behavior at the peak 1135 cm-1, once transmitted, and how they affect the 
transmission 
3-A dye paint capable of filtering the electromagnetic waves and permit to 
the 1135 cm-1 to pass trough can be spread on the outer surface of the sample. An 
incorporated optical fibre inside the part will be used in collaboration with a 
powerful detector such as the MCT detector. 
4-Using a photoelectric detector to pick-up the frequency at 1135 cm-1 
and then translating it in an electrical signal, which can be monitored to follow the 
change in the state of the studied material. 
5-Development of a polynomial library to translate the fractional 
conversion to glass transition temperature of any cured polymer, make 
it as a 
standard technique. 
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Tg is the temperature at which a polymer changes from a liquid phase, 
which flows to a solid, which does not. However, what is actually happening at 
the Tg on a molecular level is not known and may be different for each polymer. 
Tg also depends on the time scale over which it is measured. 
All this leads to questions about some approaches for the prediction of Tg. 
If examination of how the concentration of the reactants and the product of a 
polymer change with the glass transition temperature are carried out, an accurate 
definition of Tg will be given. 
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Appendix A 
Optical Accessories 
1 MCT Detector 
It is a photoconductive Mercury 
Cadmium Telluride (HgCdTe) detector from 
I. R. Associates Inc., USA. And supplied by 
Spectroscopy Central. An FTIR series of 
detectors designed to achieve optimum 
performance in FT-IR spectrometers. The 
detectors offer the highest sensitivities with 
cut-offs ranging from 750 to 400 cm-1. These 
detectors are supplied in variety of Dewar 
designs with wedged windows to eliminate 
interference effects. The wavelength response 
of these detectors can be varied by adjusting 
the alloy composition of the MCT compound. 
A bias voltage is required to operate 
these devices and an optimum value is 
determined during manufacture to achieve the highest signal to noise ratio for each 
detector. And I. R. Associates detectors are typically `background noise limited' in 
performance. 
The IAP-1000 preamplifier, from the same manufacturer, is designed to 
provide optimum performance with I. R. Associates HgCdTe (MCT) detectors. These 
preamplifiers are designed with an adjustable bias voltage to achieve optimum 
detector signal to noise. An adjustable gain is also provided to allow adjustment of the 
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signal response for operation under a variety of signal levels. Standard bandwidths are 
from 1Hz to 1MHz 
2 The Optical Interface FibreLink 
The FibreLink is a unique transfer optic accessory that transfers IR energy 
from the spectrometer to the twin fibre optic cables. 
3 Chalcogenide Fibre Optic Cables 
Spectra-Tech's fibre optic cables transmit infrared energy between the 
FibreLink and the Sampling Probes. The fibre optic cables are made of Chalcogenide, 
a mid-IR transmitting glass with chemical properties similar to AMTIR glass. 
Chalcogenide transmits from 4000 to approximately 900 cm 1. The fibres are glass 
clad and are housed in a stainless steel braid for durability and ruggedness. Spectra- 
Tech's fibre systems have a good bend radius to analyse samples, which are difficult 
to access, and to help reduce the risk of breakage. The fibre optic cables come in a 
standard length of 1.5 meters, other lengths are available upon request. 
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Appendix B 
Time-Temperature-Transformation (TTT) diagram 
The process of thermoset material curing involves the transformation of low 
molecular weight liquids to high molecular weight amorphous solids by means of 
chemical reactions. A useful framework for understanding the changes that occur 
during the cure of these systems is the isothermal time-temperature-transformation 
(TTT) cures, constructed by Winsarakkit and Gillham. Such a diagram, schematically 
shown in figure, displays the state of the material and characterizes the change it 
undergoes during isothermal cure versus time. The material state includes liquid, sol 
glass, sol/gel rubber, gel rubber, sol/gel glass, gel glass, and char. 
The various changes occurring in the material during isothermal cure are 
characterized by contours of the times to reach the events. Relevant contours could 
include molecular gelation (corresponding, for the simplest systems, to the unique 
conversion at the molecular gel point), macroscopic gelation (corresponding, e. g., to 
an iso-viscosity state), vitrification (corresponding to the glass transition temperature, 
Tg, rising to the cure temperature, Teure), devitrification (corresponding to Tg 
decreasing to Tcure because of thermal degradation), and char formation 
(corresponding to Tg increasing to TC1Ce because of thermal degradation). 
The progress of the isothermal curing process and the state of the material can 
be summarized in terms of these contours in the TTT diagram. Three critical 
temperatures are marked on the temperature axis of the figure, Tgo, the glass transition 
temperature of the uncured reaction geiTg, the temperature at which molecular gelation 
and vitrification coincide, and Tgco, the glass transition temperature of the 
full cured 
network. 
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Tg Increases Accompanying the Changes in 
Chemical Conversion 
A parameter that shows considerable increase accompanying the changes in 
chemical conversion during the cure of a thermosetting material is the glass transition 
temperature, Tg. The fact that Tg increases nonlinearly with conversion in crosslinking 
systems makes it more sensitive in the later stages of the cure where the chemical 
kinetics are complicated, when the reaction becomes diffusion-controlled as suggested 
by Wisanrakkit and Gillham. 
Ta is used in the following experiment to measure the chemical conversion for 
a model study of an amine-cured epoxy system. Differential scanning calorimetry 
(DSC) is used to relate Tg data to chemical conversion. 
THE THERMOSETTING PROCESS: 
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Appendix C 
Theoretical Development 
The vibrational frequencies of most molecules lie in the Mid-infrared region of 
the electromagnetic spectra, from 4000 to 400 cm-1. Mid-InfraRed spectra arise from 
changes in the motion of the electrons around the nuclei, the change in the distance 
between nuclei (which are the centres of atoms forming the molecules), and the 
internal motion of these atoms relative to each. The degrees of freedom of the 
molecule assigned to the nuclei are the centres of atoms. The rotation is the change in 
the nuclear assembly in space, and vibration is the relative change in the position of 
the nuclei. To investigate the vibrational behaviour of a molecule in a polymer chain 
during its formation, two theoretical studies need to be followed, the classical and the 
quantum. 
1 Classical Theory 
The total energy of a molecular system is the sum of kinetic and potential 
energy. 
. .2 
where the kinetic energy is described by, 2T = Imý i=1,......... 3n 
the mass-weighted by, fli=4; (m; )"2, 
.2 
the expression for the kinetic energy becomes, 2T = ýý q, i=1........... 3n 
T, m, ý, i represents kinetic energy, mass, the change in position against time, mass- 
weighted of the molecule respectively. 
Writing this in general coordinates, it becomes: 2T = a,, q; q, 
For each nuclei there are three degrees of freedom, which means for n nuclei 
in the molecule there are 3n degrees of freedom, where three degrees are translational 
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and three of rotational motion of the whole molecule, this leaves 3n-6 to describe the 
internal vibrational motion of the molecule. Where qj measures displacements, and 
change in position will have the following form: 
f(q1... q3, f) 5 where, i= I ............... 3 n 
ý, =1 
of 
. 
)q; j=1,........., 3n 
öq; a 
If f; is known a; j can be easily calculated. 
For any small vibration about the equilibrium position of the nuclei, the Taylor 
development of the potential energy can be applied, which leads to, 
2V = Jý, býjqjqj, i, j=1,.......... 3n 
b; j are the constants of partial derivatives, the Lagrangian becomes, 
L=1/21; j a; j q, qj -1/2Tb; jq; gj 
To solve this equation the normal coordinates must be found. 
If d/dt (8L/8q; )-8L/8q; =0, then la jqj +Eb; jgj=0, j=1,........, 3n 
Writing this in normal coordinates using mass-weighted coordinates, the Lagrangian 
becomes 3n equations, q ; +jjbjp jj=0, i=1 . 3n 
The Lagrangian still contains cross-terms b ;, j where i is different from j, 
A simpler equation is, Q*k+2 Qk=O, where k=1.......... 3n, and Q is the normal 
coordinate, where each equation is a function of a single coordinate, 
2T=LJKQ K, 2V-LJK? KQ 
2 
K, 
2 
The solution of this second-order differential equation will be of the form, 
71 i=T1; 
° sin (t (k)1/2 +8), 
where q, 2 and b are constants. The substitution of this solution into the Lagrange 
°° j=1, ........ 
3n equation gives, Jj b; jrl j- rjj=p, 
Having 3n of these equations for each i in each j, which ranges from 1 to 3n and 
rearranging this equation by subtraction of b;; q°; =0 
The expression becomes, E; #j b; jrl° +(b;; -2 )i°; =0, 
j=11........ 3n 
In order to obtain solutions other than trivial ones, il 
°1=rý°2=........ =0, the determinant 
formed from the coefficients of the r1° is A= b; j -X8ij 
I =0, 
where bid is the Kronecker delta., the 3n roots of this equation of 
? cancels the 
determinant, they are the roots of the following determinantal equation, 
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A -, ý 0 
o -22 . o 
all b1, with j#i are zero. 
00 2-323 
The resulting roots of A=0 are a solution of 
Qk=Qk° sin (t (2k)"2 + S)5 k=1............ 3n 
Thus the motion of the molecule is simple harmonic along each normal 
coordinate Qk with amplitude Q°k and frequency 2 k=4n2vk2 . For a stable molecule, six 
(five if linear, this means omission of the translation motion in one direction and 
fixing of the value of the z coordinate) roots 2 k=0, and the rest of Xk will have a 
positive values. To relate Qk and 1k each value of % is substituted into, E; b; jq 0 =0, 
j=1,......., 3n 
2 Quantique Theory 
2.1 Degenerate Vibration 
If n of the ki are equal, the corresponding vibration at frequency v; is said to 
be n-fold degenerate. If 2 =Xj any combination ark; +bqj are also solutions. However 
the phase angle b; and bj for these vibrations can be different, in this case the atoms 
rotate about their rest position with "vibrational" angular momentum. 
2.2 Quantum-mechanics of Vibrations 
In quantum theory electromagnetic radiation consists of photons travelling at 
velocity c, with energy: E=h i=he/2, where h= Planck's constant, 
Vis the frequency 
and A is the wavelength. 
From the Born and Oppenheimer approach it is, in general, a good approximation 
to 
factorise the wave function yr as a product of two functions of electronic and nuclear 
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configuration in such a way that yr = yr, yr and write the equations of energies as 
follows, Heyne=EeWe and (Hn+Ee)W =Eyf where H is the Hamiltonian. 
A further approximation is to let NJ=WvWr, where yiv is the vibrational wave function 
expressed in internal coordinates of the molecule. 
The classical energy approach gives T+V=1/2 '; 
Q.; 2 + 1/2 Z; X; Q; 2, where i sums over 
the (3N-6) normal vibrations, T and V are the Kinetic and Potential energies. The 
Hamiltonian operator is given by, 
H=- 1 /2 (H"/2X)211 a /aQj +1 /2E;, 'k; Q; 2, 
The normal coordinates Q; are independent variables in harmonic oscillator 
approximation. Thus, yf,, can be expressed as a product of function W,, (Q; ): 
WV= Hi 
3N-6 
Y, (Qi), 
and E,, becomes the sum of individual energies El, E,, =j1 3N-6 Ej, 
The operator, which is a function of only one Q; , 
H; =-1 /2(h/2ir)2(d2/dQ; 2) + 1/2 ß; Q; 2 
2.4 Harmonic Oscillator Wave Functions 
By substituting of Hiyi=Eiuri into the Lagrangian function, the more familiar 
Schrodinger form of the wave equation is found, dew; /dQ; 2+2/(h/27t)2[E-1/22 iQ; 
2]yI; =0, 
If t; = 0, the solution for the eigenvalues is Ei=hv; (vl+1/2), where v; =0,1,2,......... 
where vi is the number of quanta excited for the Ith vibration. 
I 
This equation predicts that the frequency of the first overtone absorption (i. e. 
transition from v=0 to v=2) should be twice that of the fundamental (v=0 to v=1). 
An-harmonicity effects can account for differences in several cm 
1 in the 
predicted frequency of a fundamental, and several tens of cm-1 
for an overtone. 
Quantitatively it has the important effect on the selection rule Av= +1 for a harmonic 
oscillator, which is forbidden and overtones are allowed. 
Overtones are forbidden 
when the frequency is due to transition between two vibrational energy 
levels. If the 
combination of vibration, and rotational energy 
is considered, the transition energy is 
represented by E=(v+0.5)hv+J(J+l) h/8itI, where 
h is Plank constant and I is the 
vibration number. 
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The eigen-functions are, tvv; (Q; )=Nv; Hv; (4; ) exp(-x; 2/2), where N is the normalization 
factor, H; v(ýI) is the hermit polynomial of degree vi and, ý; is the coordinate 
proportional to Q;, ýi = Q; (XI "2/(h/27c)) 1/2 
2.5 Energy Levels of Polyatomic Molecules 
Total quantised vibrational energy is the sum of the individual harmonic 
oscillator energies, Ev=j; hv; (v; +l/2) 
The (3n-6) modes, vi, can be excited with a number of quanta vl=0,1,2,3,........., If 
the vibration is n-fold degenerate, then E,, =Ijh; (vi+1/2nn), where nj is the degeneracy 
of the j' t vibration. For the zero-point energy (v l =v2=........ =0) Eo=1 /2Ejhvjnj . In 
Infrared absorption spectra, a transition from the ground state (v1=V2=V3=..... =0) to a 
state where just one quantum of one normal vibration is excited, a fundamental band 
is produced in the spectrum. When the upper level has multiple quanta of one normal 
mode excited, overtone bands are obtained. In combination bands, quanta of more 
than one mode are excited. Different bands result from the transition between 
different vibrationally excited levels. 
2.6 Vibrational Symmetries of Polyatomic Molecules 
To allow the prediction of the molecular structure from IR spectra, symmetry 
elements and operations for molecules are of major importance, these are given by the 
following, 
Element Operations and symbols 
1-Centre of symmetry 1) Transposition of all atoms through the centre of symmetry (symbol 
2-n-fold proper axis Rotation of the entire molecule by 2it/n the axis (symbol C 
3-Plane Reflection of all atoms through that plane (symbol c 
4-n-fold improper axis Rotation of the entire molecule by 2i/n about the axis followed by 
reflection in a plane perpendicular to the axis (symbol S,, ) 
5-Identity Leavin molecule unchanged (s mbol E) 
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The proper and improper axes generate multiple operations. The principal axis 
is usually chosen as the proper rotation axis with the highest symmetry, and is defined 
as the z-axis. Reflection through planes of symmetry can be subdivided depending 
upon whether they take place through the plane containing the principal axis (6,, ), 
perpendicular to (6), or bisecting proper rotation axes (ad). The identity operation 
may seem trivial but is required so that the set of operations has the characteristics of 
a mathematical group, with all the algebraic advantages it entails. Deeper inspection 
of molecular structures reveals that molecules possess some of the point group 
symmetries. 
The vibrational wave function for a molecule is yv=N, [II; H,,; (4I)] [exp(-1 /2E; ß; 2)], 
where II, H and are the product symbol, the Hamiltonian and general coordinate 
respectively. 
In terms of normal coordinates, Q;, this equation becomes exp(- 
1/2(h/2n))I; (211i2Q; 2). As a result term from quantum theory, vibrational energy can 
be described by a series of discrete vibrational energy levels, which are defined by a 
vibrational quantum number V. 
Asymmetric vibrational displacements can induce a dipole relative to the axis 
system, and give an infrared spectrum. However, certain symmetrical vibrations like 
the breathing mode may cause a zero dipole change and are infrared inactive. 
Under high resolution, bands commonly observed in infrared spectra, are those 
showing rotational structure due to transition between the individual rotational levels 
associated with each vibrational level. 
2.7 Selection Rules for IR Active Vibrations 
In the interaction between an oscillating dipole and electromagnetic radiation, 
the transition moment is related to the probability of transition from the vibration 
ground state to the first excited state: 
M01 =f T tT l di where 
TO: is the wave function for the ground state 
P1: is the wave function for the first excited state 
µ: is the dipole moment operator. 
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" Only a symmetric function can have a non-zero integral, which means symmetry is 
necessary for the transition to be allowed. The dipole moment operator, . t, is 
represented by (µ, µy, µZ) and only one integral of this component needs to be non- 
zero, for transition to be allowed. 
" The wave function of the ground state is totally symmetric. 
" The wave function of the excited state has the same symmetry as the normal mode, 
which produces it. 
Therefore, it is only necessary that the vibration be of the same symmetry as one of 
the translation vectors, for the transition to be allowed. 
2.8 Application of the Symmetry Character to Polymers 
In a polymer, the chain axis is conventionally chosen to be z, and planar 
polymer backbones are placed in the xz plane. The existence of translational 
symmetry of repeated units along the polymer chain, necessitates the introduction of 
two new symmetry elements. These are an n-fold screw axis (symbol Cn, a Cn 
rotation followed by translation along the chain) and a glide plane (symbol a-, a 
reflection is as a plane containing the chain axis followed by translation along the 
chain). The group of symmetry elements, El, C2", C2', i, o(xy), ß(xz) and o-(yz) 
corresponds to the lines group Vh. In general the line group of an isolated polymer 
chain will always be isomorphous with one of the 32-point groups. 
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Appendix D 
Epoxide Compounds 
Epoxy compounds can be synthesized in numerous ways as summarized in table. 1 
1 Methods for the Synthesis of Epoxies 
1.1 Direct Methods 
1.1.1 Using Per-acids 
The epoxidation of cyclo-olefinic halogen containing intermediates with per- 
acids or acetaldehyde-monoperacetate produces completely halogen-free epoxy 
resins. The rate of epoxidation depends strongly on the structure of the olefins and of 
the peracid, the reaction medium and temperature, but not so much on catalysts. 
1.1.2 Using Hydrogen Peroxide 
Unsaturated alcohols are epoxidized in aqueous solution by hydrogen peroxide 
in the presence of catalysts such as tungstates. Epoxidation with alkaline hydrogen 
peroxide is successful only with olefins, which have conjugated electron-attracting 
substituents such as carbonyl or nitrile groups. 
1.1.3 Using Oxygen 
Oxygen epoxidation with and without metal catalysts has been carried out 
successfully with low molecular mass olefins. It is of limited use for higher 
homologues of this series of olefins or those compounds with functional groups 
(ethers, esters, amides). 
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1.2 Indirect Methods 
This involves the addition of compounds with active hydrogen atoms to the 
following: 
-Epichlorohydrins with the formation of a chlorohydrin derivative, which can be 
converted into the corresponding glycidyl compounds by splitting off hydrogen 
chloride. 
-Di, tri- or poly-epoxide compounds by reaction of only one epoxide group per 
molecule 
1.2.1.1 Syntheses via Chlorohydrins 
All compounds with active hydrogen atoms can be converted into epoxide 
compounds using epichlorohydrin as described in B1 in Figure. 1. 
1.2.1.1 Glycidyl Compounds Based on Bisphenol A 
This process runs as shown in scheme. 1 in Figure. 2 (in which Bisphenol A 
and Epichlorohydrin are shown). The Taffy process is suitable for the synthesis of 
advanced epoxy resins, where Bisphenol A is allowed to react under alkaline 
condition (50 % aqueous sodium hydroxide solution) with excess of epichlorohydrin, 
the % weight of which, depends on the desired chain length. 
1.2.1.2 Glycidylation of 
Alcohols and Heterocyclics 
Carboxylic Acids, Amines, 
The glycidylation of carboxylic Acids, Amines, Alcohols and Heterocyclics 
with active N-H-hydrogen atoms is performed in two reaction steps, which are 
described in scheme. 2 shown in Figure-2. A quantitative addition of epichlorohydrin 
to the hydrogen-active compound occurs in the first step with the help of quaternary 
ammonium compounds. In the second step, the epichlorohydrin is dehalogenated 
by 
adding drop-wise equi-molar amounts of concentrated aqueous sodium 
hydroxide and 
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simultaneously distilling off azeotropically the added and generated water and excess 
epichlorohydrin. 
A. Direct conversion of olefins into epoxides 
Process Examples 
1. Direct oxidation Cycloaliphatic epoxy resins, With organic peracides, e. g. peracetic acid, Epoxidized fatty acid esters Performance acid 
+w' 
+ 
, ß: r0" ...... _. ,. 
2. Via halogen hydrins Industrial manufacture of 
. T. _. ý,.. . ý,. 2 Cl Cu C IC t epichlorohydrin 
from allyl chloride 
j 
B. Indirect methods starting from epoxides with functional groups X 
QZr -R-X 
1. -R-X=CH2C1; epichlorohydrin Addition of compounds containing OrK active H via chlorohydrin R, r -., . KFZ-0 ` <~ý , intermediates is an important 
industrial synthesis; 
1.0. NN. S. J' « 1-C - Glycidylether, -esther, N- 
glycidylamines, -amides, imides, - 
heterocyclics 
2. X= epoxide group; diepoxide compounds with Advancement products, preadducts 
any backbone R (can also be manufactured from tri- 
N and tetra-epoxide compounds) 
90 1 Ik. 6611-L-H -A- CHOI-i , 
compound with 2 active H-atoms 
3. X= polymerizable group; e. g. glycidyl acrylate, Copolymer with olefins, obtained 
allyl-glycidylether, maleic acid-diglycidylester, etc via radical polymerisation 
CH, - 
CH -CH-CH11, 
, c3t, 0 cjffýc '! H 71 ""' ci 
Figure 1 Syntheses of epoxide compounds 
The behaviour of aromatic and aliphatic amines differs during glycidylation 
with epichlorohydrin. Steric hindrance greatly reduces the reactivity of N-H group. As 
bases initiate dehydrohalogenation, the formation of a mixture of N-glycidyl 
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compounds, ammonium halogenides and amine-chlorohydrin derivatives can be 
expected, particularly with aliphatic amines, after addition of the first molecule of 
epichlorohydrin. The two-step epoxidization process takes place, with phase-transfer 
catalysts, such as ammonium salts and excess epichlorohydrin. In all cases, glycidyl 
formation must be completed with alkaline hydroxides. For glycidylation of primary 
and secondary alcohols, Lewis acid catalysts generally affect the addition of the 
epichlorohydrin in the first stage. Ammonium compounds are also suitable for the 
synthesis of chlorohydrins. 
In some conditions the secondary hydroxyl group of the chlorohydrin, when 
freshly formed undergoes further reaction with epichlorohydrin according to the 
equation in scheme. 3 shown in Figure. 2. However, in dehydrohalogenation, only the 
halogen of the halogenhydrin group is easily eliminated with the liberation of 
hydrogen chloride, so the product contains chlorine. 
The most important heterocyclic glycidyl compound is triglycidyl 
isocyanurate. It is manufactured from cyanuric acid by the usual process of reaction 
with epichlorohydrins and quaternary ammonium compound as catalysts. 
1.2.2 Addition of Active Hydrogen Compounds to Epoxide 
Compounds 
The addition of phenols to glycidyl compounds also opens the way for the use 
of diglycidyl compounds of any structure in the advancement reaction with 
bisphenol 
A. Dicarboxylic acids and aromatic amines can be used with di, tri- and tetra-glycidyl 
compounds to manufacture fusible, soluble preadducts which still possess 
free 
terminal epoxide groups as shown in scheme. 4 shown in Figure. 
2. 
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CH3 
HO C OH +2 CH2-CH-CHý cH3 
0i Epichlorohydrin Bisphenol A 
A NaOH, ca Iyt. 
CH 
C H2- ý'H- C. H-) -OcO -C H2_ 'H -- : H2 
CI OH CH3 OH Cl 
2 NaOH 
'HI 
H -CH-GHQ O CH2-CH-- H, ) 
()ý CHI 0' 
CH3 
_ 
CH. 
CH` H H2 t -CHF-CH-ß'H2- ,ý<f O-CH2-C H-CH2 
0 `. H} Of 
11 
('H1 4ý 
n li 
!I nl 
III 11 =2 
Scheme 1 
CI13 
H0 -C OH + CH'2-CH-CH2 -C, 
ý 
I 'N' I CI-1 o{ Cl 
MOM 
Naf)H 
oE: 
o 
-CIS-CH2-0 -QI -i-CH2 OCC'CH2 
3 OH CH- 0 
k=0,1,2,3, ... 
Scheme 2 
Figure 2 Synthesis of epoxies via chlorohydrins 
2 Reaction of Epoxide Compounds 
The most important polyaddition reactions are represented in Figure. 4, using 
the structural fragments of the preferred glycidyl compounds (where X=0 are 
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R2 + üH 
ý 
ý" 'H -- CCi - Rý -- C OOýFý 
C 
""0 
loe 
SCH-O- Q-Rz-C H+ CHF CH-CH2-Rf 
Be 
H- l-CO-R2-X40-MH2 -CH-G({ -R, 
O OH 
H --RI -H +2R -` - 
0 OH OH 0 
rnolrcukc with two phci oti, C OH 
nr two carboxyl groffl 
Scheme. 3 
H2N-R3 -NIt2 f4 R2 
ammati4 diaroh . 
--2: -"' 
0 
"- R2 
OH 9H 
R-) "( 
R2 -ý--- T- Rg 
OH - OH 
Scheme. 4 
0 
)CH-0- 
-RI-C H+ CH2-CH-CH2-Rr - 'H-U-C0-RZ-LOCI-CH2-CH-CH2-R1 ýiýr' Be ÖH 
Scheme. 5 
Figure 3 Synthesis of epoxies via chlorohydrins 
glycidylethers, X=N are N-glycidyl compounds and X= COO are glycidylesters) 
and the corresponding curing agents or their fragments. 
The cycloaliphatic epoxide compounds have the cyclohexane group capable of 
analogous polyaddition and polymerization reactions. Only carboxylic acid groups, 
dicarboxylic acid anhydrides and aromatic amines react quantitatively. Aliphatic 
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amines lead to unusable networks because of epoxide-ketone rearrangements and 
subsequent reactions. 
2.1 Addition of Carboxylic Acids and Cyclic Carboxylic Acid 
Anhydrides 
This addition of carboxylic acids or curing agents containing carboxyl end 
groups requires alkaline catalysis. During the addition, 8-hydroxy-propylester 
structures are mainly formed according to Equation .1 
in Figure. 4. In contrast, during 
cross-linking with cyclic anhydrides, 1 mol of dicarboxylic acid anhydride per 
epoxide equivalent is used, resulting in a polyester structure as given in Equation. 2 in 
Figure. 4. 
The path of the reaction is explained by scheme. 5 shown in Figure. 3. If these 
reactions are carried out with alkaline catalysts, ether-ester structures will result 
according to Equation. 3 in Figure. 4. 
Cycloaliphatic epoxide compounds generally exhibit higher reactivity in curing with 
carboxylic acids and anhydrides than glycidyl compounds 
2.2 Addition of Phenols, Mercaptans and Amines 
These additions proceed, as shown in Figure. 4, with the formation of 8- 
hydroxyether (Equation. 4 in Figure. 4), , ß-hydroxythioether (Equation. 
5, Figure. 4), and 
ß hydroxyamine-derivatives (Equation. 6, Figure. 4). Here one equivalent of an active 
hydrogen compound should be used per epoxide equivalent. Base catalysed phenol 
additions proceed only at elevated temperature (> 100°C). 
The addition of mercaptans 
and aliphatic amines in liquid or viscous systems occurs at ambient 
temperature, and 
the latter do not crosslink completely. 4 to 5 epoxide equivalents per mol 
dicyanodiamide are consumed. 
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Figure. 4 Overview of addition of glycidyl compounds 
Equation. 8 
197 
Appendices 
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Figure. 5 Network of bisphenol A diglycidyl ether crosslinked with phthalic acid anhydride 
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Figure. 6 Network of di-epoxy compound of general structure cross-linked with 
di-primary 
amine. 
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Figure.? Network of pure bisphenol A diglycidyl ether crosslinked with a trisphenol of general structure 
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Figure. 8 Network fragment of product yielded by polymerisation of pure bisphenol A diglycidyl 
ether 
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Glycidyl compounds and epoxidized cyclo-olefins can be polymerized 
thermally with the aid of anionic initiators, such as tertiary amines, alcoholates and 
imidazoles, or cationically using borontrifluoride complexes or protonic acids 
(Equation. 8, Figure. 4). 
The structural network and thus the physical properties are extremely sensitive 
to the structure and amount of initiator used. 
3 Network Structures 
The network structure can be represented schematically by fragment-like 
structural diagrams and used to illustrate characteristic behaviour for anhydride 
crosslinking (Figure. 5), amine crosslinking (Figure. 6), phenol crosslinking (Figure. 7) 
and polymerisation (Figure. 8). The structural fragment surrounded by broken lines 
represent theoretically the smallest repeating structural unit which when appropriately 
joined together can build up the entire network. 
3.1 Anhydride Cross-linking (Figure. 5). 
This is where 1 mole of cyclic dicarboxylic acid anhydride per epoxide 
equivalent is required for theoretical crosslinking. 
In the process, the middle carbon atom of the original glycidyl group becomes a 
crosslinking position, which leads to severe restriction of the mobility of the aliphatic 
linking segment between the backbones of epoxy resin and curing agent, compared to 
the amine network example. 
3.2 Amine Cross-linking (Figure. 6). 
Here one NH group is required for one epoxide equivalent, it 
is possible to 
deduce how the number of active NH groups in the di- or polyamine, can regulate the 
mesh size with only the two groups giving rise to a 
linear chain structure. Cross- 
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linking amines with three or four free NH-groups, produce a larger mesh and hence an 
additional flexibility to the structure. 
3.3 Phenol Cross-linking (Figure. 7) 
Novellas (a thermoplasitic phenolformaldehyde type resin) with various 
molecular sizes are preferred for phenol curing. The number of free phenolic hydroxyl 
groups per hardener molecule determines the average mesh size of the network and 
thus the physical properties of the end product. 
3.4 Crosslinking by Polymerization (Figure. 8) 
Tests on monoglycidylethers showed that polymerization of epoxy resins lead 
only to a low degree of polymerization, as a result the network appeared to have the 
same homogeneity as that of polyaddition networks. 
4 Curing Agents 
4.1 General 
Epoxy resins, based on bisphenol A, can be cured at room temperature with 
polyamines, polymercapatns or polyisocyanates, polycarboxylic acids, 
polyanhydrides, polyphenols and carboxyl-functional polyesters, which react with 
epoxy resins only on heating. In all cases, curing occurs without elimination products, 
via polyaddition. The free hydroxyl groups of advanced epoxy resins, based on 
bisphenol A, can also be combined with amino and phenolic resins and crosslinked on 
heating via polycondensation. Curing of epoxide groups by polymerization is initiated 
by tertiary amines, imidazoles or boron trifluoride complexes and requires elevated 
curing temperatures for optimum network structures. 
Photocross-linking epoxy resin systems contain UV-sensitive initiators such as triaryl- 
sulphonuim compounds. 
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4.2 Polyamines 
All types of di-primary diamines can be used as curing agents for epoxy 
resins. According to Figure. 6, only chain-like molecules can be formed during the 
reaction of monofunctional primary amines with difunctional epoxy resins. A three- 
dimension structure is formed by reaction with polyfunctional amines. The 
cycloaliphatic and in particular, aromatic di-amines and polyamines have reaction 
rates inferior to those of aliphatic structures. They require accelerators or heat to 
complete the curing of epoxy resins based on bisphenol A or F. They react 
incompletely at room temperature (the reaction ceases because of the continuous 
increase in glass transition temperature), which leads to the B-stage network, a pre- 
formation of the network. Hard and brittle masses are produced, which still melt on 
heating and dissolve in a number of solvents. Polyamines includes 
-Aliphatic amines: Poly(ethyleneamine), Poly(ether) diamines, Propyleneamines, and 
Alkylenediamine. 
-Cycloaliphatic amines 
-Aromatic Amines 
-Araliphatic Amines 
4.3 Mercaptans 
These are shown in equation 5 figure 4, they have a very unpleasant odour and 
high enduring flexibility, once combined with epoxy resins. They are mainly 
exploited in adhesives and joint fillers. 
4.4 Isocyanates 
Isocyanate are compounds containing one or more N=C=O. They cross-link 
epoxies via their hydroxyl groups, with the formation of polyurethane structure. 
The 
most used curing agent is the polyisocyanates, 
derived from the toluelenediisocyanate. 
These are highly reactive and confer a high resistance to many corrosive chemicals. 
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4.5 Anhydrides 
These crosslink the resins only on heating. Polyanhydrides give, to the cured 
epoxy, high flexibility, adhesion -4-6- and good resistance to organic acids. 
4.6 Carboxylic acids 
Carboxylic acids and oligoesters, containing carboxyl end-groups, also require 
elevated temperature for crosslinking. Depending on the polyester structure, 
mechanically and chemically resistant systems can be formulated with bisphenol A 
epoxy resins. 
4.7 Polyphenols 
Diphenols, react with epoxy resins on heating. To achieve an adequate degree 
of conversion under curing condition, the presence of an accelerator is needed for the 
reaction. Good resistance to hydrolysis and oxidation is obtained for systems cured 
between 150 and 180 °C. 
4.8 Amino resins 
Urea, melamine and benzoguanamine are mainly combined with higher 
molecular mass (>4000) bisphenol A epoxy resins or phenoxy resins. The amino 
resins are partially or fully etherified with butanol, methanol and isopropyl alcohol. 
The methoxy and butoxy groups of amino resin react on heating with hydroxyl groups 
of the epoxy with liberation of water and/or alcohol and formation of ether linkage. 
4.9 Phenolic resins 
Phenolic resins based on alkylphenols and resols (A-stage resins) based on 
bisphenol A, react with higher molecular mass bisphenol A epoxy resins on heating. 
Curing occurs primarily by reaction of hydroxymethyl groups of the phenolic resin 
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with the secondary hydroxyl group of the epoxy resin. The following side-reactions 
happen at same time: 
- Reaction of phenolic OH groups with the epoxide groups 
- Self-condensation of hydroxymethyl groups. 
4.10 Catalytically curing compounds 
The catalysts, like imidazoles, tertiary amines and boron trifluoride 
complexes, lead to a temperature above 100°C, to completely cured networks. 
Ferrocene complexes under the effect of UV irradiation can also initiate the 
polymerisation of bisphenol A epoxy resins. To achieve complete network formation 
and thus adequate flexibility and chemical resistance, addition of polyol (polyhydric 
alcohol) and thermal post-curing is necessary. 
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Appendix E 
Interpretation of Infrared Spectra 
Interpretation of Infrared spectra can be performed in many ways, some of 
these are described in the following steps, 
-Functional group analysis 
-Pattern recognition 
-Spectral searching (Data bases) 
-Or give the spectrum to somebody else, in case of doubt. 
1 The Usual Methods used for the Analysis of Organic 
Compounds can be summarised as, 
Chemical and physical methods 
Spectroscopic techniques 
Separation Technique 
Other techniques such as: Electron Microscopy 
Optical Microscopy 
Thermal Analysis 
Electrochemical ................. and plus many more. 
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2 The Electromagnetic Spectrum Pattern, 
X-rays UV rays i Visible 
MI 
Infrared 
ý 
Microwave 
Due to 
Nuclear ý 
Transitions 
Result of 
Electronic 
Transitions 
Caused by 
Molecular 
Vibrations 
Caused by 
N, Iolecular 
Rotations 
Wavelength (cm) 10-4 10"3 10-2 10-1 
3 Basic Infrared Absorption Theory 
Molecules are in constant motion, which is a combination of Translational, 
Rotational and Vibrational motion. The current studies are on infrared (IR) vibrations. 
These are the internal vibrations of molecules and from this the molecular structure 
may be determined. 
4 Infrared Spectral Regions is Divided into Many Parts 
Described as, 
I- Far infrared ranges from 400 to 10 cm-1 (25-1000 µm). These vibrations are 
pure rotational & vibrational of heavy atom groups, and this involves metals as well. 
2- Mid infrared between 4000 and 400 cm-' (2.5-25 µm). It is characteristic of 
the fundamental vibrations of organic materials & complex inorganic materials, which 
are purely internal vibrations. 
3- Near infrared from 15000 to 4000 cm-1 (0.67-2.5 µm). In this region the 
analytical near infrared vibrations are found between 10000 and 4000 cm 
1 (1-2.5 
µm), they are overtones and combinations of mid infrared vibrations, which are used 
usually for the confirmation of the identity but not for diagnostic purposes. These 
overtones & combinations are in particular due to X-H fundamental Vibrations. 
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5 Basic Infrared Absorptions 
The IR absorption frequencies are dependent upon many physical reasons, 
1- The masses of the atoms involved in the vibrations. These are light when they 
possess high energy, and heavy when of low energy. 
2- The bond strength depends upon other functional groups attached to this bond. 
3- The bond's local environment. 
6 Harmonic Vibrations is the Closest Way to Describe the 
Vibration of Organic Molecules, 
The vibration of a diatomic molecule can be approximated to the vibration of a 
spring 
The frequency of such a vibration equals: 
1(2iXk(m1 
+m2)/m, m2) 2 2 
Re-AR Re Re+AR 
The strength of the bond is related to the constant of the oscillator K and the masses. 
7 Types of molecular movements (Stretching and Bending) 
1- Stretching is when the atoms of the functional group move closer to or further 
away from each other, with higher energy motion. 
2- Bending is when the atoms of the functional group do not move toward each 
other but rather around each other, at lower energy than stretching. 
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8 Selection Rules for Infrared Activity 
ýv 
Z 
The frequency of the light must be identical to the frequency of the vibration 
(resonance) 
The dipole moment of the molecule must change during the vibration 
du/dQ #0 
ý- 
5ä'iý, r.:., e ... --- -+ý': ' 
ý 
N N Y, ý, 
_r 
. ,- ._ _- 
Charge distribution changes Polarization changes without dipole change 
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9 
0 
0 
Polyatomic molecules 
Linear molecules: 
Non-Linear molecules: 
(3N-5) Internal vibrations 
(3 x Translation, 2x Rotation) 
(3N-6) Internal vibrations 
(3 x Translation, 3x Rotation) 
Where N= the number of atoms in the molecule 
For Acyclic molecules N atoms, (N-1 bonds) 
(N-1) Stretching vibrations 
(2N-5) Bending modes for non-linear molecules 
(2N-4) Bending modes for linear molecules 
9 Infrared activity: 
0 Raman activity: 
C -0-H 
" OH Stretch (IR): Strong 
" OH Stretch (IR): Weak 
(SSR) 
Dipole change upon vibration 
Asymmetric & Polar groups 
Polarisation change upon vibration 
Symmetric & non-polar groups 
c=c 
C=C Stretch (IR): Weak 
C=C Stretch (IR): Strong 
Some vibrations have both IR and Raman activity Symmetric Selection Rules 
By destroying the symmetry in C=C, the vibration of this group becomes 
stronger 
0 Number of vibrational bands < predicted 
-Vibrational Degeneracy 
0 Overtone & Combination bands 
-Simple Harmonic Theory 
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V1 V2 V3 V4 etc........ These are normal modes 
However, anharmonicity can arise: 
vl 2vl 3vt 4v1 etc ...... 
Overtones 
Decreasing intensity, increasing frequency. 
The majority of overtones occur in the region > 4000 cm-1 (Near infrared) 
3400 cm' is a very weak overtone of the 720 cm-1 of carbonyl fundamental. 
Combination bands: (vl + v2) (2v1 + V3) Addition bands 
(3v2 
- Vi) 
(2V3 
- V2) 
Difference bands 
10 Normal Modes of Vibration 
Skeletal Group frequencies 
-c-o-c- -CH3 
-c-c-c- -OH 
A -C=0 DÖ 
ý1/ -SH 
1500 to 700 cm -1 >1500 cm-1 
Vibrations involving heavy 
Atoms at lower frequencies 
1 Skeletal modes: 
-Difficult to assign specific 
bands to its origin. 
-Highly characteristic of the molecular structure 
Fingerprint region which is particular to the material under study 
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2 Group Frequency: 
Bands are specific to functional origin 
Virtually independent of molecular structure 
Group [°req ue nc es are indicative of a particular group of frequencies 
Normally, bands>2500 cm' are due to X-H stretching modes such as -OH, - 
NH, -CH and -SH (Silicon-hydrad) 
The infrared spectra contain a wealth of structural information. The 
interpretation of the spectrum depends also on the absence of bands not only on their 
presence. 
90 
80 
70 
%T 
60 
50 
40 
4000 
11 
/_ 
Functional 
ýro', 
ps 
3000 2000 
Wavenumber[cm-1 ] 
1000 400 
Factors Affecting the Interpretation of Infrared Spectra 
1- Phase: Gas, Vapour, Liquid, Solution and Solid 
Typically, A/ -> V1.. 1 ,/ V':,, ita 
-Reduction in rotation 
-Hydrogen bonding 
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-Crystalline effects (polymorphism) 
As we move down in the density of molecules the vibration and rotation 
becomes less and less. 
Structural form orientation differs between materials (degree of crystalinity) 
Carbonyl doublet on the spectrum between 2900 and 3000 cm 1. 
Excessive hydrogen bonding (bands are broad). 
2- Sampling methods: Transmission, ATR, Diffuse reflectance, Photo-acoustic. etc 
3- Plotting format Transmission: Absorbance, linear wave number, scale changes, 
Wavelength. 
. etc. 
4- Prejudice: Seen in the spectrum only what you want to see. 
12 Characteristic Frequencies for Normal Alkanes 
Number of possible vibrations = 3N-6 (3n-5 for linear molecules), N is 
number of atoms. 
Example: Diatomics = 3(2) -5=1 vibration (stretching mode) 
Triatomic = CO2-. 3(3)-5=4 vibrations (linear), 2 stretching modes and 
2 bending modes 
! 4c: ý- Cfv 
1337 cm-' 
(Non infrared active) 
For hydrocarbons, 
2350 cm-' 
(infrared active) 
-lam 
668 cm-1 
(infrared active) 
CH4 for example has nine possible vibrations, C-H 
stretching at high frequencies, H-C-H bending modes at 
lower frequencies. 
If we go to the ethane, C2H6 the only real additions are 
C-C stretching mode. 
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1- C-H vibrations 
These vibrations appear below 3000 cm 
Four bands appear between 3000 and 2800 cm-1, two pairs of doublets for methyl and 
methylene C-H stretch 
Methyl group (CH3) stretching modes have symmetric stretch at 2870 cm"', 
and two asymmetric stretches at 2960 cm 1, C-H bending vibrations symmetric 
deformation at 1375 cm-1 and two asymmetric deformations 1460 cm-1. 
Methylene group (CH2) stretching modes are symmetric stretch at 2850 cm-1, 
and asymmetric stretch at 2930 cm 1. However the methylene deformation vibrations 
are scissoring in-plane bend at 1455 cm-1 , twisting out-of-plane 
bend at 1300 cm-1, 
wagging out-of-plane bend at 1300-1000 cm-1 and rocking in-plane bend at 720 cm 1. 
2- Other vibrations are C-C stretching and bending 
The C-C stretching modes are not good group frequencies on the spectrum, 
they are difficult to detect, which makes them not useable. 
13 Characteristic Frequencies for Branched Alkanes 
1- C-H stretching vibrations 
Methylne groups usually mix with other modes but can show a splitting peak, 
such as, Methylpentane at 1384-1367 cm-1. C-H bending vibrations, random methyl 
substitution produces changes in intensity ratios, special methyl substitution are 
t- 
butyl, isopropyl and gem-dimethyl, which shows a splitting as well. 
Methylhexane shows a triplet splitting with varying intensities at 1367-1384 
cm-I, which is due to three methyl group motions sharing a common carbon 
atom, the 
lower frequency of the three is usually the most intense. 
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2- Hetero-atom effects on C-H vibrations 
C-H stretching vibrations, in anisole lone pair electrons interact with 
adjacent C-H, which results in lowering the C-H stretching mode in methoxy 
compounds 
3- In Aldhydes, the C-H stretching is lowered to 2740-2700 cm-1 and becomes 
strong 
4- Vibrational analysis by isotopic substitution 
Deuterium substitution affects the C-H vibrations. It uses the ratio of 
frequencies of their vibrations, which is approximately the square root of the ratio of 
the masses, therefore frequency(H)/frequency(D) = mass(H)/mass(D) = 1.414. 
14 Characteristic Frequencies of Olefins (Alkenes) 
Olefines 
R3 
Where R1, R2, R3 and R4 are organic radicals bonded to the carbon atom. 
Vibrations of Olefins are similar to those of saturated hydrocarbons to which C=C 
stretching modes are added, 
As a summary for the locations of these vibrations, C-H stretching due to 
saturated carbons occurs below 3000 cm-1. C-H stretching from unsaturated carbons 
occurs above 3 000 cm-', Olefinic C-H appears at 3000-3100 cml, aromatic C-H 
appears at 3000-3100 cm'', triple bonded C-H appears at 3280-3340 cm 1, the C-H 
stretching vibrations are often difficult to see because of overlap by the saturated C-H. 
The =CH2 modes couple and are actually split. Symmetric at 3000 cm -1 and 
asymmetric stretch at 3080 cm 1, the symmetric is again hidden by overlap with 
saturated. 
214 
Appendices 
1- C=C stretching vibrations 
This is a useful mode with the intensity depending on the molecular 
configuration that can be Trans-distributed, as vinyl and vinylidene between 1600 
1 and1630 cm-. 
The differences are due to mass considerations, the C=C stretch push the 
remaining of the molecule. If this is hydrogen, it must be light and easy to move thus 
lower frequencies are required, if these are heavier molecules they require higher 
frequencies. Factors affecting the C=C stretching frequency are conjugation which 
lowers this vibration by 20-40 cm 1. It is due to resonance, giving rise to some single 
character to the double bonds. 
The C=C external ring looks at the C=C stretching bond as pushing against 
the other groups attached to it. As\the angle gets smaller the resistance gets higher, 
leading to higher frequencies. 
Intensity of the C=C stretching vibration can be very strong 
2 Out-of-plane C-H deformations 
There are two type of bending motions, In-plane bending (scissoring and 
rocking) occurring around at 1450-1200 cm-1 poor group frequencies and out-of-plane 
bending (waging and twisting) occurring at 1000-650 cm', these are not coupled and 
not affected by conjugation, there are as many bending bands as there are olefinic C-H 
bonds, the motion of the hydrogens upward out of plane simultaneously is usually the 
most intense band in the spectrum of alkyl olefins. 
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15 Polymers 
They are made of repeating units, their spectrum is the modes produced by 
these same monomers, and the complexity of the spectrum is due to some skeletal 
modes of how the units are put together physically. 
As an example Polyisobutene, has repeating unit of isobutene, where the 
double bond opens up. When monomers are linked together the polymer is formed. So 
based on the repeating units gem-dimethyl splitting on the 1375 cm-1 CH3 band, the 
stretching of CH2 and the CH3 at frequencies below 3000 cm -1 and 1460cm-1, CH2 
wagging and twisting modes (no rocking mode at 720 cm 1) is expected. 
Differences in real polymers can be due to regular order of general 
appearance, such as existence of certain additives. 
As another example Poly (vinyl chloride), 
CH2 related bands below 3000 and 1400 cm -1 
No CH3 related band at 1375 cm-1 
C-Cl stretch doublet between 700 and 600 cm-1 
Sample is pressed against the internal reflectance element (IRE) 
As the IR beam reflects of the IRE surface, an evanescent wave penetrates 
the sample. The Polyamide resin's spectrum should show a characteristic 
band for the 
secondary amide. 
Condensation reactions, two bifunctional can react to form a polymer 
The single N-H stretch occurs at 3300 cm-1 
CH stretching around 3000 cm-1 (depending on the 
R groups) 
Amide I (C=O stretch) around 1640 cm -1 
Amide II (bending mode) around 1540 cm-1 
Amide III (bending mode) around 1450 cm-1 
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The addition reaction, in this case is when a double bond opens and a polymer 
chains result, 
A simple spectrum forms a simple polymer, C-H stretch at 3000cm"1, C-H2 
deformation occurs at 1400 cm"', 720 cm' is a rocking mode (due to long chain 
methylene). This is split due to spatial ordering, in and out of phase. 
Crystallinity occurs at 1375 cm' . 
The methylene side chain vibrates at this 
frequency and provides a quantitative measure of the crystallinity of the material. The 
higher crystallinity implies a harder, higher melting point and more translucent 
material. 
Copolymers are usually formed by different monomers. The spectra of 
randomly arranged polymers are different. If the arranged polymer is a combination of 
A and B block copolymers, then the long chain will be a summation of A 
characteristic and B characteristic blocks. However the random copolymer will have 
much more mixing of modes and individual characteristics, which will be lost, and 
very difficult to interpret. 
For the identification of polymers the following flow chart can be used, 
P (present) 
1610-1590 
1600-1 `ý 80 
and 
1510-1490 
p 
840-8? Q (strong) 
1790-1720 (strong) 
A 
Modified Epoxides 
Polvcarbonates 
Alkyd Resins 
Polyesters 
Cellulose j' ers 
Plasticized PVC 
i1 ýi 
''1 ,1 ,y 
14 14 10 (sharp) 
A 
PV Acetate 
PVC Copolymers 
; 
A, 
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Crosslinking in very high molecular weight polymers can be formed by a 
reaction of formaldehyde and phenol, which results in an insoluble material. 
16 Library searching 
In manual interpretation the spectrum is studied by identification of functional 
groups using characteristic frequencies, then comparing the result with the existing 
digitized or hard copies of reference spectra, it has to be open to maximum 
possibilities to increase the chances of getting it right. 
In computerized interpretation, the computer uses the flowchart approach 
through many iterations to reduce the number of possibilities. The result will be a 
probability of presence of certain functional groups in the studied compound, the 
software compares the spectrum with every spectrum in the selected library. The best 
matches are the ones with the fewest differences, a visual checking of the computer 
choice is all the time needed. 
How does this work? 
First the resolution of the spectrum has to be translated to the same resolution 
as that of the library, and then normalization is next to get away with the amount of 
the material measured. The comparison is realized by subtracting the measured 
spectrum from each spectrum in the library, the software keeps track of the number of 
differences found for each library spectrum. The next step is reporting the result, the 
best match is the one with fewest differences. 
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Appendix F 
Mechanical Testing Data 
1 Specimen Preparation 
Epoxy resin DGEBA and amine hardeners (TETA once and DMBA-CHA in 
the second lot of specimens) required careful mixing to ensure that all the batches 
were of the same consistency. An electronic scale with an accuracy of 0.01 grams was 
used to reproduce same mixing ratios every time in the FTIR and DSC experiments. 
After carefully weighing, the two constituents of the resin were placed into the 
vacuum chamber of a MCP 4/01 vacuum casting machine, shown in Figure 1. 
MCP 4/017 
- 
"UNA 
6 91 
I 
_ý_. 
Figure 1 MCP 4/01 vacuum casting machine. 
The process of mixing began by stirring the resin inside the chamber with an 
electrically driven paddle for 10 minutes and visually observing the quantity of air 
bubbles appearing, longer stirring periods were used to eradicate all the air bubbles. 
After a thorough stirring of the resin into the vacuum chamber for elimination 
of the amount of the entrapped air into it, the hardener could 
be added. The MCP 
4/01's pouring arm, gently added the hardener to the resin whilst stirring the mixture 
with the paddle. The vacuum extraction system continued to remove air 
bubbles from 
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the mixture, and after approximately 10 minutes the quantity of air in the mix had 
been reduced once more to zero. 
The epoxy resin blocks were then prepared in the following manner, moulds 
were constructed from 5mm thick aluminum walls with internal dimensions 28mm x 
28mm x 200mm long as shown in Figure 2. The moulds required a coating of a PTFE 
release agent, which was sprayed on, to enable easy removal of the resin block after 
curing. This reduced the friction coefficient to nearly zero. 
I -. 
ý.? $ 
Figure 2 Aluminum mould assembly for producing resin blocks. 
The mixed resin was then automatically poured into the moulds situated in the 
lower compartment of the vacuum casting machine see Figure 3 
-Air Moulds 
Imo, -ý--- 
Figure 3 Filling two moulds with resin. 
The vacuum system was then used to extract any further air bubbles that may 
have inadvertently entered the resin during pouring. Once all of the mixture appeared 
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air free, the vacuum was then switched off and the moulds were removed from the 
chamber. 
The mould was then placed into a preheated laboratory specification oven (a 
Griffin product), which had been preset to the required temperature, this was regularly 
monitored using a thermocouple connected to a digital display. Each batch of resin 
required three hours to cure, this was controlled by a time switch connected in series 
with the ovens power supply. 
After the mould had cooled to room temperature, it was removed from the 
oven, the M4 x 12mm screws were removed, then the cast resin block could be 
removed from the disassembled mould ready for finish machining. 
The fibre reinforced resin blocks were prepared as follows, 0.25mm 
multifilament thick woven glass fibre cloth, as can be seen in Figure 4 was cut into 
strips measuring 25mm x 190mm using a utility craft knife. 
The mixed resin was taken out of the upper vacuum chamber just before the 
last step, which consisted of pouring into the moulds. Outside the vacuum chamber 
the resin was added to the mould to a depth of 1 mm. The fibre strips were also added 
to the mould by hand and pressed into the resin, using a 28mm wide metal spatula, 
until a uniform wet look appeared. The term `wetting out' is used widely within the 
glass fibre industry to indicate that all of the fibre strands have absorbed the resin into 
their matrix. Reinforced fibre resin is substantially weakened if the material is not 
fully wetted out, due to the compromised bonding of fibres and resin. Further strips of 
reinforcing fibre were added and pressed together with small amounts of resin until 
the mould was full to the upper limit. This process took approximately 45 minutes to 
carry out with each mould requiring 100 strips of reinforcing 
fibre. The resin was then 
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cured in the laboratory oven in the same manner as the neat resin specimens were for 
a period of 3 hours to ensure a full cure. After cure the moulds were allowed to cool to 
room temperature and the fibre reinforced resin block released in the same manner as 
for the neat resin blocks. Finish machining of the cast resin block could then take 
place. 
1.1 Compression test specimen preparation 
The production of the finished compression test specimens was carried out in 
the following manner, 
Machining the top of the resin blocks square to the other sides, the procedure 
was carried out using a Cincinnati `Arrow 500' model vertical machining centre. A 
program was written in Fanuc compatible `G' code language and the specimen 
surface milled square with the remaining as cast sides. 
Turning the square section block to 25mm diameter by 200mm long, the 
square section resin block was held in a four jaw chuck and turned to the required 
25mm diameter cylinder using an Ajax CNC turning centre. Again a machine code 
program was produced, that enabled the machine to complete the procedure. 
A further program was written for the Ajax turning centre to part off the 
cylinder to a dimension of 18mm long. This left enough material on the specimen to 
enable the precision finished dimensions to be attained. 
The 25mm diameter and 18mm long bar was held in a collet lathe chuck in the 
Ajax turning center, in order to machine perfectly each end face flat at 90 degrees 
(parallelism to be 0.025mm normal to the specimen length). This procedure was 
carried out using a manually operated Hardinge tool room lathe. The finished 
specimens as can be seen in Figure 5 were then inspected to ensure that the 
specification for the compression testing procedure had been achieved. Once each and 
every specimen had met the standard required the actual testing began. 
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Figure 5 Compression test specimens. 
1.2 Tensile test specimen preparation 
The overall dimensions for the finished tensile test specimen are 180mm x 
20mm x 4mm with the centre section profiled down to a 10mm x 4mm section along a 
75mm length The production of the tensile specimens was carried out in the following 
manner. 
Cincinnati `Arrow 500' model vertical machining centre was used for 
machining the top of the resin blocks square to the other sides. A program was written 
in Fanuc compatible `G' code language, and the specimen top surface was milled 
square with the remaining of cast sides. 
For a rough profiling of the specimens to shape, careful marking was made on 
the resin blocks, and a continious removal of the extra material using vertical band 
saw machine performed. This procedure reduced the final machining time and, as 
some of the specimens were abrasive they increased the amount of the cutter wear. 
The roughly profiled resin block was then sawn into 6mm thick slices ready for the 
next operation. 
To finish machine the specimen to the required dimensions, a jig was 
constructed to hold the roughly profiled resin slices using 250mm x 125mm x 45mm 
thick aluminum. This enabled both the profile and the thickness of the specimen to be 
finish machined as shown in Figure 6A machine code program to produce the 
finished specimen was written and downloaded to the Cincinnati arrow 500's 
computer control. 
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The aluminium jig was then bolted to the Cincinnati arrow 500 machine table 
and setsquare to the X-axis using a dial test indicator. In order to secure the profiles to 
the jig, all the specimens had two 6.5mm diameter drilled holes of 15mm deep from 
both ends and central to the width using a pillar drill. 
Figure 6 Tensile specimen mounted on jig and being finish machined. 
Each specimen in turn was then secured to the jig with two M6 x 20mm cap 
head screws before being finish machined in profile thickness with a 7.5mm and 
10mm diameter HSS endmill respectively. All of the specimens were then inspected 
to ensure that the dimensions were within tolerance and the surface finish was good as 
possible. 
1.3 Thermal conductivity specimen preparation 
Cylinders of 25 mm diameter ± 0.01 mm which were the same as the ones 
made for compression testing were produced. These were then parted off at 40mm 
long. A further operation to finish machine both ends to 3 8mm ± 0.01 mm was carried 
out in a similar way to the compression testing specimens. 
Two 1.5mm diameter holes were drilled at 25mm centres and 12.5mm deep 
along the centreline and equidistant from each end. This operation was carried out 
using a `G' code program on the Cincinnati `Arrow 500' model vertical machining 
centre. Flood coolant was employed to ensure the drill bit flutes remained free from 
swarf. The finished specimens are shown in Figure 7. 
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Figure 7 Thermal conductivity specimens (shown after testing). 
These were then inspected to ensure that the specification for the heat transfer 
testing procedure had been achieved. Once each and every specimen had met the 
standard required the actual testing began. 
2 Test procedures 
2.1 Compression testing 
The compressive properties the materials possess are covered by the ISO 
standards 604. 
The specified shape of the specimen can be a right prism, cylinder or tube but 
the relationship between height and width has to fall within certain parameters. The 
height to width ratio should not be less than 0.08. The compressive test itself would 
induce a buckling effect on the specimen that would give erroneous results. The 
parallelism of the specimen must be within 0.025mm normal to the length per minute 
of specimen. 
The compression test procedure utilizes slower test speeds than for tensile 
testing, typically between 1 and 20 mm/min. For meaningful results a test speed of 
around 10% of the specimen length should be used. The test itself involves placing 
the suitably prepared specimen between two anvils and applying a compressive force 
such that the specimen begins to dimensionally change. The amount the material 
changes dimensions due to the applied force was recorded. 
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A Mayes hydraulic test machine model MPU 500kN was used for the 
experiment. Calibration for the Mayes machine had been carried out only 2 months 
previous to the experiment thus ensuring that the results obtained were accurate to the 
calibration standards. 
Each prepared specimen was placed upon a perfectly flat lower anvil and the 
upper compression anvil lowered until contact was just occurring. The machine then 
began to compress the specimen, and a record of the applied force and deformation 
were printed out on an Epson X-Y plotter connected via the serial port to the 
processor of the Mayes machine. 
The specimens used for the test procedure were designed to exceed the 
minimum height to width ratio and this ratio was calculated as follows, 
25=1.66 
l 15 
Where x= Diameter (mm ) 
1= Length (mm ) 
In order for the experiment to produce meaningful results the actual feed speed 
for the tensile test was calculated by applying the 10% rule mentioned previously, 
10% of 15 mm gives a speed of 1.5 mm/min, however the Mayes machine 
has a 
minimum speed of 2 mm/min and so this value was selected for the test. 
2.2 Tensile testing 
Measurement of the tensile stress-strain properties of a material 
is one of the 
most common mechanical methods used in the engineering 
industry. The process 
involves stretching a test piece until it breaks whilst measuring the applied 
force 
together with the corresponding elongation. 
From the recorded data various attributes of the specimen can 
be calculated. 
Graphs plotting the applied force against the actual elongation can provide a general 
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guide to the strength and ductility of a material, further plots can also be used to 
calculate the modulus of the material. 
In order for tensile testing results to be universal within the industry the ISO 
standard requires certain guidelines to be followed when specimens are produced. ISO 
527-1 contains the detailed specification for tensile testing of plastic specimens. Test 
pieces are most often in the form of two-dimensional dumbbell shapes Figure 8 or flat 
strips that concentrate the stresses during tensile testing towards the narrow section 
rather than to where the material is gripped. 
Figure 8 Type 1B tensile test specimen profile. 
The machine used for the tests consists of strong jaw type grips mounted 
opposing each other and being driven apart by a lead screw powered through a 
reduction gearbox by an electric motor. A force measurement transducer records the 
amount of force applied whilst an extensometer measures the elongation of the 
specimen. Tensile testing machines also vary in capacity with a suitable machine for 
plastics having a lower capacity than one for testing steel. Capacities range from 
50ON for softer materials such as rubber to 25kN for very strong material such as 
reinforced composites. The feed speeds used for various testing procedures can also 
vary between 0.1 and 500 mm/min. A suitable test speed for a rubber specimen would 
fall at the upper end of the range whilst the required speed for a steel specimen would 
be near the lower end of the range. 
The standard procedure when carrying out a tensile test is to condition the 
specimen for at least 3 hours prior to the test itself. This ensures a standard 
testing 
procedure and enables results to be universally confirmed. 
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ISO 558 lays down guidelines for the temperature and humidity at which the 
testing should be carried out, 23° C and 50% relative humidity. 
The tensile testing experiment was carried out on a Hounsfield H2OK-W 
model tensile testing machine. The machine was six months old and the calibration 
certificate is still valid. 
After switching the machine on the crosshead travel was moved to the start 
position chosen to match the length of specimen. This position once set was 
repeatable as it was automatically controlled by micro-switches. The specimen under 
test was then placed into both opposing jaws of the machine and gripped securely by 
turning the hand wheels in the direction marked on each one. The test was then 
initiated by pressing the control button on the instrument panel. Therefore the 
specimen was loaded until the point of fracture. and the extension and amount of 
applied force recorded in the machines computer memory. The process was repeated 
in turn for all of the specimens and the resulting graphs printed out on the attached 
laser printer. The specimens were all collated and set aside for future analysis. Figure 
9 below shows a sample of the specimens following the test procedure. 
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2.3 Thermal conductivity test procedure 
The thermal properties of any material are important to establish as a 
component formed from the material could fail in service if the wrong application has 
been chosen. 
A Cusson's thermal conductivity test rig was used to establish the thermal 
coefficient of the resin specimens. The apparatus comprises of self-clamping 
specimen stack assembly with an upper mounted heat source. A calorimeter base and 
a Dewar vessel enclosure to ensure negligible heat loss during the experiment, a 
constant head cooling water supply was also required. A multi point thermocouple 
switch was mounted on the steel base and two mercury thermometers were provided 
to monitor the water inlet and outlet temperatures. Two Ni Cr/Ni Al thermocouples 
were fitted to the relevant holes in the specimen and two further thermocouples were 
fitted to the holes in the copper heat transfer element Figure 10. 
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Figure 10 Picture and schematic diagram of the Cussons thermal test rig. 
Good surface contact is ensured with the application of silicone grease to the 
mating faces. The thermostat is turned fully clockwise and the Dewar vessel placed 
over the specimens and clamped in position. The water supply is also connected and 
set to a slow rate of flow. The input current was set to a maximum figure of 0.55 amps 
until the hottest thermocouple number four on the diagram Figure 10 records 
200 °C. 
The current was then reduced to 0.3 amps and then left to stabilize, this 
lasted an 
approximate time of 77 minutes. An initial experiment on testing one machined 
specimen, over a long period of time revealed that the temperature of the whole 
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system stabilizes at approximately 77 minutes, after which the controller starts cutting 
off the heater. This is approximately three times longer than testing metals, which are 
normally 25 minutes. The temperature of the inlet and outlet water was then recorded 
and the thermocouple readings at points 1 and 2, as shown in Figure 10, were also 
recorded. The amount of the water collected up to this time was then measured using 
a calibrated beaker, this was required to calculate the mass flow of the cooling water 
The conductivity for the specimen could then be calculated using the Fourier 
equation as follows, 
KA(AT) 
= mSVIz, I -i L 
Where K= conductivity of specimen, A= cross sectional area of specimen 
AT = temperature change over length L, m= mass flow of cooling water 
TU, = temperature of cooling water (outlet) 
T,.,, = temperature of cooling water (inlet), S= specific heat of water 
230 
Appendices 
3 Mechanical Tests Data 
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`` 
Compressive test on DGEBA/DMMB-CHA 
samples cured at 1400C 
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//// 
Compressive test on DGEBA/DMMB-CHA 
samples cured at 160°C 
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Compressive test on glass fibre reinforced 
DGEBA/DMMB-CHA cured at 140°C 
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Compressive test on glass fibre reinforced 
DGEBA/DMMB-CHA cured at 160°C 
Appendices 
12C0 
i89 10 
Tensile test on glass fibre reinforced 
DGEBA/TETA samples cured at 100°C 
Tensile test on glass fibre reinforced 
DGEBA/TETA samples cured at 100°C 
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Appendix G 
Qbasic Program for calculation of kl and k2 
DECLARE SUB SOLVE () 
DECLARE SUB INTEGRATE (COL!, S!, P$) 
COMMON SHARED A(), D(, K(, T(, W(, Z() 
COMMON SHARED E, N, XI 
DEF FNF (XI) = K(1) * (K(3) - XI) ^2* (2 - K(1) / (K(1) - K(2) ) (1 - 
((K(3) - XI) / K(3) )^( (K(2) - K(1) )/ K(1))) ) 
REM ***** FIND NUMBER OF DATA POINTS ***** 
OPEN "a: \expdata. csv" FOR INPUT AS #1 
LET N=0 
DO 
LET N=N+1 
INPUT #1, T, A 
LOOP UNTIL EOF(1) 
CLOSE #1 
REM ***** CREATE WORKSPACE ***** 
LET E=4 
DIM A(N), B (N) ,T (N) ,D (N, E), C(E), K (E) ,W (E, E), Z (E) 
LET K(3) = . 13: K(1) _ . 1: K(2) = . 09: K(4) = . 17: D= . 0002 
REM ***** READ DATA FROM SOURCE FILE ***** 
OPEN "a: \expdata. csv" FOR INPUT AS #1 
FOR I=1 TO N 
INPUT #1, T(I), A(I) 
NEXT I 
CLOSE #1 
REM ***** MAIN ITERATION CYCLE ***** 
CLS 
LET IT =0 
DO 
REM ***** CALCULATION OF RESIDUALS AND DERIVATIVES ***** 
FOR I=1 TO N 
LET D(I, 0) = A(I) 
NEXT I 
CALL INTEGRATE(0,1, "N") 
FOR J=1 TO E 
LET K(J) = K(J) +D/2 
CALL INTEGRATE (J, 0, "N") 
LET K(J) = K(J) -D 
CALL INTEGRATE(J, -1, "N") 
LET K(J) = K(J) +D/2 
NEXT J 
REM ***** CLEAR COEFFICIENTS OF SIMULTANEOUS EQUATIONS ***** 
FOR J=1 TO E 
FOR M=0 TO E 
LET W (J, M) =0 
NEXT M 
NEXT J 
REM ***** CALCULATE COEFFICIENTS OF SIMULTANEOUS EQUATIONS ***** 
FOR J=1 TO E 
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FOR M=0 TO E 
FOR I=I TO N 
LET W(J, M) = W(J, M) + D(I, J) * D(I, M) /D/ (D 
SGN (M) ) 
NEXT I 
NEXT M 
NEXT J 
REM ***** SOLVE SIMULTANEOUS EQUATIONS ***** 
CALL SOLVE 
LET IT = IT +1 
PRINT USING "Iteration## gives"; IT 
PRINT "Corrections"; 
FOR I=1 TO E 
PRINT USING " #. ####"; Z(I); 
NEXT I 
PRINT 
LET P=0 
FOR I=1 TO E 
LET K(I) = K(I) +Z (I) 
IF ABS(Z(I)) >D/2 THEN P=1 
NEXT I 
PRINT "New Values "; 
FOR I=1 TO E 
PRINT USING " #. ####"; K(I); 
NEXT I 
PRINT : PRINT 
LOOP WHILE P 
REM ***** OUTPUT FINAL RESULTS TO DATA FILE ***** 
OPEN "A: EPOXPLOT. CSV" FOR OUTPUT AS #1 
FOR I=1 TO E 
PRINT #1, USING "#. ####"; K(I) 
NEXT I 
CALL INTEGRATE (0,0,11p") 
CLOSE #1 
SUB INTEGRATE (COL, S, P$) 
LET T=0: XI = 0: YI = 0: I=1 
IF P$ "P" THEN PRINT #1, USING "#### #. #### , #. #### , 
#### , 
#### , #. 
####"; T; 2* K(3) - XI - YI + K(4); 2* K(3) - 
XI - YI; K(3) - XI; XI - YI; YI 
DO 
LET RK1 = FNF(XI) 
LET RK2 = FNF(XI + RK1 / 2) 
LET RK3 = FNF(XI + RK2 / 2) 
LET RK4 = FNF(XI + RK3) 
LET XI = XI + (RK1 +2* RK2 +2* RK3 + RK4) 
/6 
LET YI = XI + (K(3) - XI) * K(1) 
/ (K(1) - K(2) ) 
- XI) / K(3)) ^ ((K(2) - K(1)) 
/ K(1))) 
LET T=T+1 
IF T= T(I) THEN 
* (1 - ((K(3) 
LET D(I, COL) =S* D(I, COL) - (2 * K(3) - XI - 
IF P$ _ "P" THEN PRINT #1, USING "#### , 
#. #### 
#### #. #### #. #### , 
#. ####"; T; A(I); 2* K(3) - XI 
,A\. ') *r(- YT - YT: K(3) - XI; XI - YI; YI 
LET I=I+1 
ELSEIF P$ = "P" THEN 
PRINT #1, USING "#### ,, 
#. #### 
#. #### #. ####"; T; 2* K(3) - XI - YI + K(4); 
2 
K(3) - XI; XI - YI ; YI 
END IF 
LOOP UNTIL I>N 
YI + K(4)) 
#. #### 
- YI + 
#. #### #. #### 
K(3) - XI - YI; 
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END SUB 
SUB SOLVE 
FOR I=1 TO E 
LET P= W(I, I) 
IF ABS(P) < 1E-10 THEN 
FOR J=I+1 TO E 
IF ABS(W(J, I)) > 1E-10 THEN 
SWAP W(J, 0), W(I, 0) 
FOR K=E TO I STEP -1 
SWAP W(J, K), W(I, K) 
NEXT K 
LET J=E+1 
END IF 
NEXT J 
IF J=E+1 THEN 
CLS : LOCATE 5,1: PRINT "The equations do not have a 
unique solution" + SPACE$(37) 
END 
E ND IF 
END IF 
FOR J=I+1 TO E 
LET W(J, 0) = W(J, 0) - W(J, I) 
FOR K=E TO I STEP -1 
LET W(J, K) = W(J, K) - W(J, 
NEXT K 
NEXT J 
NEXT I 
FOR I= E TO 1 STEP -1 
LET Z (I) = W(I, 0) 
FOR J=I+1 TO E 
LET Z (I) =Z (I) - W (I, J) *Z (J) 
NEXT J 
LET Z (I) =Z (I) /W (I, I) 
NEXT I 
END SUB 
* W(I, 0) / w(I, I) 
I) * W(I, K) / W(I, I) 
The expdata. csv file required for the Qbasic program 
1 0.4099 
2 0.3988 
3 0.3964 
4 0.3972 
5 0.3979 
7 0.3991 
9 0.3956 
11 0.3906 
13 0.3844 
15 0.3788 
18 0.3686 
20 0.3636 
22 0.3594 
25 0.3516 
27 0.3483 
29 0.3435 
32 0.3385 
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35 0.3351 
38 0.3291 
42 0.3256 
43 0.3242 
44 0.3218 
45 0.3218 
46 0.3201 
47 0.3191 
50 0.3158 
55 0.3112 
59 0.3078 
64 0.3039 
69 0.2994 
74 0.2959 
79 0.2924 
84 0.2889 
89 0.2854 
99 0.2795 
109 0.2744 
119 0.2686 
129 0.2632 
139 0.2593 
149 0.2543 
179 0.2441 
209 0.2334 
241 0.2249 
269 0.2197 
299 0.214 
329 0.2098 
358 0.2057 
424 0.1992 
484 0.1952 
619 0.1881 
1294 0.1801 
1483 0.1782 
1609 0.1765 
1834 0.1751 
MATLAB Program for calculation of kl and k2 
datl= [1 0.4099 
2 0.3988 
3 0.3964 
4 0.3972 
5 0.3979 
7 0.3991 
9 0.3956 
11 0.3906 
13 0.3844 
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15 0.3788 
18 0.3686 
20 0.3636 
22 0.3594 
25 0.3516 
27 0.3483 
29 0.3435 
32 0.3385 
35 0.3351 
38 0.3291 
42 0.3256 
43 0.3242 
44 0.3218 
45 0.3218 
46 0.3201 
47 0.3191 
50 0.3158 
55 0.3112 
59 0.3078 
64 0.3039 
69 0.2994 
74 0.2959 
79 0.2924 
84 0.2889 
89 0.2854 
99 0.2795 
109 0.2744 
119 0.2686 
129 0.2632 
139 0.2593 
149 0.2543 
179 0.2441 
209 0.2334 
241 0.2249 
269 0.2197 
299 0.2140 
329 0.2098 
358 0.2057 
424 0.1992 
484 0.1952 
619 0.1881 
1294 0.1801 
1483 0.1782 
1609 0.1765 
1834 0.1751 
]; 
t=dat 1 (: , 1) 
cc=datl(:, 2) 
kl=0.0966; 
k2=0.0488; 
ff=0.001; 
r=0.001; 
ww=0.01; 
yy=0.01; 
e0=1.75; 
p0=0.74; 
v=l; 
s0=--0.02; 
h0=0.02; 
f0=0.02; 
u0=0.02 
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while max(ff) > 0.01; 
i=1: 100; 
for z=i; 
tl=t; 
[tl, u]=ode 45('jnt.. eg: r. °al_k: l. ', t1, u0, [], k1, k2); 
dat= [tl, u] ; 
A= ( (kl-k2) /kl) 
kl=min(kl): max(kl) 
gg=diag ((((p0-u) /A) * (1- ((abs (p0. / (p0-u))) . ^A) ) ')) ; T=u+gg; 
ne= (e0- (u*v) - (T*v)) ; 
hh=ones (size (t)) ; 
oo=cc-hh; 
pp=(cc-oo); 
dd=6.173*pp; 
ff=dd-ne; 
r=abs(ff); 
o=(u) '; 
vv=o*r; 
mm=inv (o*u) ; 
yy= (mm) *vv; 
kl=kl+yy; 
end 
for z=i; 
tl=t; 
[tl, u] =ode 45 (' } ntcgral kl' , tl, uO, [I , kl, k2) ; 
dat= [t1, u] ; 
A=( (kl-k2) /k1) 
kl=min(kl): max(kl) 
gg=diag ((((p0-u) /A) * (1- ((abs (p0. / (p0-u))) . ^A) ) ')) ; 
T=u+gg; 
ne= (e0- (u*v) - (T*v)) ; 
dd=6.173*(cc-0.175); 
r=abs(ff); 
o=(u)'; 
vv=o*r; 
mm=inv (o*u) ; 
yy= (mm) *vv; 
kl=kl-yy; 
end 
while abs(ww) > 0.01; 
j=1: 10; 
for zz=j; 
k4=kl(: 54) 
[t, h]=ode45_i. nf=eg: e. -alk2', t, h0, [], k4, k2) 
data2= [t, h] 
D=data2(:, 2); 
C=( (k4-k2) /k4) 
TTT=h+diag((((p0-h)/C)*(1-((abs(p0. /(p0-h) 
cc=dat1(:, 2); 
xx=dd-eO; 
ss=h*v; 
qq=TTT*v; 
p=xx-(h*v)-(TTT*v); 
uu=D'*p; 
jj=inv(D'*D) 
ww= (j j) * uu 
k2=k2+ww; 
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end 
end 
end 
k3=k1; 
F 
=ode[I, 
dat3=[t, f] 
B= ( (k3-k2) / k3) 
TT=f+diag((((p0-f)/B)*(1-((abs(p0. / (p0-f))). ^B) )')); 
ne=e0- (f*v) - (TT*v) ; 
nt=v*TT; 
ns=v*f-nt; 
; np=pO- (f *v) 
kl 
k2 
plot(t, ns, t, nt, t, ne, t, np, t, cc, 'r_o'); 
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Appendix H 
Application of the OFS in 
Stereolithography process (SLA) resin 
Figure 7-18 shows the groove made in the part built in the SLA machine, the 
diameter of the groove was designed to carry the optical fibre sensor, and in this case 
an optical fibre of 250-micron diameter is applicable. Height of one layer in the SL 
was left inbuilt from the diameter of the groove; this permits the implementation of 
the optical fibre cable. The part building will then continue, the next layer will be 
spread, at this moment the sensor will be completely immersed and the 30-micron gap 
as shown in Figure 7-9 (b) will be filled with the resin. When the UV curing laser of 
200 micron passes over the sensor at Hatch velocity of 13.335 m/second, the resin in 
the gap is cured. A number of spectra can be collected from which the change in the 
molecular structure of the resin will be measured. The effect of the laser curing the 
top layers will also be recorded. 
-ei- -h- 
Figure 1 On-line monitoring of the cure using an embedded optical fibre. 
The sensor will carry the monitoring process of the reaction progress in the 
post cure stage of the part under UV light, as well as 
in the future of the part, where 
the exterior condition under which the part operates will participate to the 
degradation 
of the molecular structure of the material. 
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